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Chapter 1: Introduction 
This document presents results of a project to experimentally validate the design of second generation 
prototype components and systems that operate with CO2 as a refrigerant in a transcritical cycle.  The focus of the 
document is on system performance.  In depth performance comparisons of individual components will be addressed 
in other ACRC reports (MS thesis by R. Murphy and S. Song).  
The thesis is organized in four parts: 
(a) Experimental Facilities.   
This chapter (Chapter 2) describes the experimental facilities, instrumentation, experimental procedure, 
data reduction, and validity of experimental results.   
(b) Second-generation (MAC2R744) transcritical CO2 mobile system compared to a typical R134a 
mobile system (MAC2HFC) of similar capacity. 
The objective of this chapter (Chapter 3) is to compare the performance of a transcritical R744 mobile air-
conditioning system to the performance of a conventional R134a air-conditioning system sized for a sport utility or 
mid-size vehicle used in the United States.  Heat exchangers used in the R744 system were designed to have equal 
or smaller core volumes as the corresponding R134a heat exchangers.  The R744 gas cooler and evaporator were 
actually 30% and 18% smaller in core volume as compared to the R134a condenser and evaporator, respectively.  
Comparisons between the two systems were facilitated by means of tests conducted at the same operating 
conditions with both systems.  Additional tests were conducted to compare the R744 system efficiency (COP) to the 
R134a system efficiency at the same operating conditions.  For these tests, the evaporator capacity achieved with the 
baseline system was matched by the R744 system and resulting efficiencies of each system were compared.  Despite 
having smaller heat exchangers than the R134a system the enhanced R744 system demonstrated significantly greater 
cooling capacities and system efficiencies for the tests conducted.  The R744 system provided 23 – 52% more 
capacity than the R134a system at similar testing conditions.  In addition, the CO2 system achieved 38 – 63% higher 
COP than achieved with the R134a system at similar evaporator capacities and operation conditions.  Results of 
these comparisons reveal that transcritical R744 mobile a/c systems are capable of producing superior evaporator 
capacities and/or system efficiencies than conventional R134a systems.   
(c) Second-generation (MAC2R744) transcritical CO2 mobile air conditioning system compared to 
first (MAC1R744) transcritical CO2 mobile air-conditioning system tested in ACRC laboratories at 
the University of Illinois.  
The objective of this chapter (Chapter 4) is to present the performance improvements produced by a 
second-generation R744 mobile air-conditioning system as compared to results acquired with the first-generation 
R744 system.  These improvements were achieved with the second-generation system by employing newly designed 
heat exchangers and various system components.   
The cross-counter flow gas cooler arrangement used with the enhanced system was the most significant 
improvement upon the first-generation system, which used a parallel flow gas cooler.  Heat exchangers used in the 
first-generation R744 a/c system were sized to emulate heat exchangers used in a typical compact vehicle, while the 
second-generation heat exchangers were sized for a mid-size vehicle.  Nevertheless, respective heat exchangers from 
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each system are similar in size.  Face area and depth were 12% and 27% larger for the second-generation gas cooler, 
respectively.  The evaporators used in each system had similar face areas (within 5%) and core volumes (within 
1%).  Multiple inlets and outlets incorporated into the second-generation evaporator and gas cooler were 
implemented to improve refrigerant distribution.  A distributor was used to feed refrigerant to each of the evaporator 
circuits.  Refrigerant maldistribution was addressed in the design of the new heat exchangers since it was thought to 
have affected the performance of the first system.  Compressor displacement was increased from 21cm3 with the 
first-generation compressor to 33cm3 with the second-generation compressor.  The redesigned SLHX was composed 
of microchannel tubes, which were much shorter and smaller in diameter than coaxial tubes used in the first-
generation SLHX.   
The test matrix described in this chapter (Chapter 4) is comprised of steady-state tests that were originally 
conducted with the first-generation R744 system.  The test matrix covers a range of operating conditions, which 
includes three compressor speeds and various indoor and outdoor air temperatures.   
At similar operating conditions as the first-generation system, results of tests conducted with the enhanced 
system show an 11 – 63% increase in evaporator capacity and a 1.6 – 5.4% increase in COP.  The increase in 
performance seen with the enhanced system is most valuable at conditions where extreme ambient and indoor 
temperatures exist.  At conditions where the evaporator capacity and high-side pressure of the first-generation 
system were matched, the second-generation system displayed a 7 – 75% increase in COP. 
(d) Second-generation (MHP2R744) transcritical CO2 mobile system compared to first (MHP1R744) 
transcritical CO2 mobile system developed and tested at the ACRC laboratories in heat pumping 
mode. 
The objective of this chapter (Chapter 5) is to compare two prototype mobile R744 heat pump systems: a 
first-generation system and a second-generation system.  Heat exchangers used in the first-generation system were 
designed exclusively for air-conditioning operation in a transcritical CO2 mobile system.  Heat exchangers used with 
the second-generation system were designed to accommodate both air-conditioning and heat pump operation with 
transcritical CO2.   
Results of tests performed on the two systems show considerable gains in system performance by the 
second-generation transcritical R744 mobile heat pump system.  Performance enhancements displayed by the 
second-generation system are attributed to improved component designs.  In spite of slightly lower system 
efficiencies than the first-generation system, the enhanced system produced considerably higher heating capacities.  
Heating performance factors for the second-generation system were at the most 12% lower than the first-generation 
system.  However, the second-generation system produced 31 – 47% higher heating capacities than acquired by the 
first system.  Therefore, even though the enhanced system showed slightly lower HPFs, the system was able to 
provide much warmer air at the same test conditions.  At an ambient and cabin temperature of -10o C, air exiting the 
second-generation gas cooler was 31.5o C, compared to 17.8oC produced by the first-generation system.   
(e) Appendices 
Appendices A, B, C, and D contain information supplemental Chapters 2, 3, 4 and 5.  The first appendix 
(Appendix A) describes instrumentation used with the experimental facilities and each system tested.  For each 
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instrument the manufacturer, operating range, and accuracy are given.  Instruments are categorized by the particular 
heat balance they were associated.  The second appendix (Appendix B) describes the data reduction method used to 
obtain system performance values and all other pertinent variables.  Data reduction models used for each system 
tested are given.  In addition, important inputs, outputs, and constants for each model are described.  The third 
appendix (Appendix C) provides all data acquired from testing each system.  These data are shown in tabular form 
according to system and also in T-h plots (MAC1R744 and MAC2R744 tests only).  The last appendix (Appendix 
D) describes an error propagation analysis that was conducted.  This analysis was conducted to investigate the effect 
of instrument uncertainty on calculated heat exchanger capacities and system efficiencies for each test conducted. 
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Chapter 2: Experimental Setup 
The test facilities have been designed to accommodate three procedures for determining system and 
component energy balances: refrigerant-side, air-side, and calorimetric chambers.  Resulting from these procedures 
are three independent estimates of the system capacity for each heat exchanger.  System capacity determinations are 
more reliable when the three methods described are used, instead of the two required by all applicable standards.  Of 
the three procedures, refrigerant-side balance is the least reliable measure of capacity, while chamber balance is the 
most reliable.  For the systems considered, refrigerant-side balances are erroneous when two-phase refrigerant 
conditions are present at the evaporator exit.  Since temperature and pressure are the only measurements at the 
evaporator exit, refrigerant enthalpy cannot be obtained when the refrigerant exiting the evaporator is in a two -phase 
state.  For the R134a system, the refrigerant mass flow meter used is unable to accurately measure the flow rate 
when two-phase refrigerant conditions exist at the condenser exit.  Additional inaccuracies in refrigerant-side 
balance exist for both systems because the effect of oil in circulation is not considered.  Depending on the system, 
refrigerant-side balance is calculated using thermodynamic properties for either pure carbon dioxide or R134a.  Test 
facilities for the R134a mobile a/c system (denoted MAC2HFC), first-generation transcritical R744 mobile a/c 
system (denoted MAC1R744), and second-generation transcritical R744 mobile a/c system (denoted MAC2R744) 
are shown in Figure 2-1.  Test facilities for the first-generation R744 mobile heat pump system (denoted 
MHP1R744) and second-generation R744 heat pump system (denoted MHP2R744) are shown in Figure 2-2. 
2.1. Environmental Chambers and Wind Tunnels 
The environmental chamber walls have 30cm of closed cell foam insulation.  The inside dimensions are 
3.4x2.2x2.4m for the indoor chamber and 3.4x2.5x2.4m for the outdoor chamber.  Wind tunnel ducts are insulated 
with 5cm thick insulation from the air inlets to the nozzle exits.  For a/c operation the gas cooler/condenser is 
located in the outdoor chamber and the evaporator is in the indoor chamber.  In heat pump operation the indoor coil 
is the gas cooler and the outdoor coil is the evaporator.  Both chambers were carefully calibrated.  The chambers 
have five thermocouples located on the inside and outside of the walls, floor, and ceiling, which are used to 
determine transmission losses.  At a temperature differences around 32oC, the transmission losses were 
approximately 300W, introducing only ±0.1% error into the chamber energy balance. 
A third chamber was constructed for the compressor between the indoor and outdoor chambers.  The 
compressor was belt driven by an 8.5kW motor with a variable speed controller.  Directly coupled to the compressor 
shaft was a 0-56.6 Nm torque meter (±0.1%FS).  The torque meter and tachometer were installed between the clutch 
and compressor.  With measured torque and speed at the compressor shaft, compressor work was calculated without 
any effect of the belt and clutch losses. 
Thermocouple grids were used to measure air inlet temperatures to the heat exchangers.  The indoor coil 
thermocouple grid consisted of 9 evenly spaced thermocouples, while 27 were used for the outdoor coil.  The 
average temperature of each grid was used as the representative inlet air temperature for the corresponding heat 
exchanger.  An additional thermocouple grid, with 9 evenly spaced thermocouples, was located between the air exit 
of the indoor coil and the indoor air blender.  Flow straighteners were used at the inlet of the wind tunnels to provide 
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uniform velocity profiles.  Air flow uniformity was checked and the difference in the 9 grid points of the indoor duct 
inlet was ±2.4% at a mean air velocity of 1.4 m/sec.  All of the systems used four differential pressure transducers 
with ±0.17%FS accuracy to measure air-side pressure drops.  Air-side pressure drop was measured across the indoor 
and outdoor heat exchangers and across the nozzles in each chamber.  Table 2-1 lists the range for each ±0.17%FS 
differential pressure transducer used to measure air-side pressure drop according to location and system. 
Air flow rate measurements were in compliance with ANSI/ASHRAE Standard 41.2 – 1987.  In all systems 
except the first-generation R744 a/c system, air blenders were installed downstream of both heat exchangers.  The 
only air blender used in the MAC1R744 system was after the gas cooler.  Mixing the air exiting the heat exchangers 
provided a more representative air exit temperature from the heat exchangers.  The outdoor wind tunnel contained 
two 6-inch nozzles, while the indoor wind tunnel contained two 2.5-inch nozzles.  Air temperatures were measured 
in the throat of each ANSI-standard nozzle with welded T-type thermocouples.  The representative air temperature 
at the outlet of each heat exchanger was the average of the two nozzle temperatures.  At the heat exchangers outlet, 
air temperature was measured with an accuracy of 0.1oC.  Air flow rates across the indoor and outdoor heat 
exchangers were calculated using the measurements for air-side pressure drop across the nozzles and temperature in 
the throats of the nozzles.  One nozzle in the indoor chamber was blocked when air flow rates below 4.3 m3/min 
were required.  This made certain that air velocity at the throat of the nozzle was greater than the minimum of 15 
m/s specified by the ANSI/ASHRAE standard. 
Table 2-1 Range and location of air-side differential pressure transducers (±0.17%FS) used in all systems. 



















MAC2HFC System 0-1250 0-1250 0-620 0-1250 
MAC1R744 System  0-250 0-250 0-1250 0-620 
MAC2R744 System  0-1250 0-620 0-250 0-620 










MHP2R744 System  0-1250 0-620 0-250 0-620 
 
For a/c operation, two chilled mirror dew point sensors (±0.2oC) were used to measure the dew point 
temperature of the air at the evaporator inlet and outlet.  During humid tests, a 0-2.5 kg load cell with ±0.1%FS 
accuracy was used to measure the weight of the collected condensate extracted at the evaporator.  The increase in 
condensate mass for measured time increments were recorded simultaneously by the data acquisition system.  
Condensate removal rate from the evaporator was subsequently determined from these measurements.   
A steam humidifier equipped with a PID controller provided a controllable latent load to the indoor 
chamber.  Relative humidity in the evaporator chamber was maintained within the range of ±0.2o C dew point 
temperature. Inlet enthalpy of the steam was determined by inlet temperature at a quality of 1.  Exit enthalpy was 
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calculated from the measured temperature of the condensate and measured atmospheric pressure.  Steam flow rate 
into the indoor chamber is equal to the condensate removal rate.   
For heat pump operation, chilled mirror dew point sensors (±0.2oC) were used measure the dew point 
temperature of air at the gas cooler and evaporator inlet.  An additional chilled mirror dew point sensor was used 
with the MHP2R744 system to measure the dew point at the gas cooler exit.  Humidity was not introduced to either 
chamber during heat pump tests, due to the transient nature associated with frost formation.  Dew point temperature 
measurements along with air-side pressure drop across each heat exchanger were closely monitored to ensure that 
frost was not forming on the heat exchangers during steady-state testing.   
When calculating each calorimetric chamber balance, the sensible load contributions were determined by 
measuring all energy inputs and outputs into each chamber.  Sensible heat was provided to the chambers by 
electrical heaters and blower motors.  Heaters were controlled by SCRs and PIDs.  Blowers were controlled using 
variable speed controllers.  The SCRs and speed controllers were located inside the chambers.  Therefore, all losses 
associated with the SCRs and speed controllers were included in the sensible load added to the chambers.  Watt 
transducers (±0.2%), located outside the chamber, measured the power consumption of all electrical sources in the 
chambers. 
To accommodate both a/c and heat pump operation, each chamber had separate ethylene glycol loops.  For 
each loop, glycol was cooled and pumped using an external glycol chiller with a centrifugal pump.  In a/c operation, 
heat rejected by the condenser/gas cooler, heaters, and blowers to the outdoor chamber was removed by pumping 
chilled glycol through a heat exchanger located in the outdoor chamber wind tunnel.  In heat pump operation, chilled 
glycol was fed to the heat exchanger in the outdoor chamber and a heat exchanger in the indoor chamber.  Glycol 
flowing through the heat exchanger in the indoor chamber removed the heat rejected by the gas cooler, heaters, and 
blowers.  Besides removing heat from the outdoor chamber the glycol heat exchanger was a sink for any moisture in 
the air.  Since the glycol heat exchanger was the coldest device in the chamber, frost formed on the heat exchanger 
instead of the evaporator.  The mass flow rate and density of each glycol stream was found using accurate (±0.1% of 
reading) Coriolis type mass flow meters.  For each glycol heat exchanger, the inlet and exit glycol temperatures 
were measured using T-type immersion thermocouples placed directly into the glycol stream.  Engineering Equation 
Solver (EES, Klein and Alvarado, 2002) was used to calculate specific heat at the inlet and outlet using density and 
the corresponding temperature as inputs.  Using the values for specific heat, temperature, and mass flow rate, 
cooling capacity of each glycol loop was determined.   
The test facility described provided data for the gas cooler and evaporator coil capacities measured by 
independent procedures in a narrow error band.  For additional information about the environmental chambers and 
















































































































































































































Symbols] B : Blower, BL : Air Blender, BPV : Back Pressure Valve, C : Compressor , CL : Compressor Clutch, CM : Chilled Mirror Dew Point Sensor, Dp : Differential Pressure 
Transducer, DST : Distribut or, Evap : Evaporator, FS : Flow Straightener, GC : Gas Cooler, H : Heater, HDR : Pipe Header, Hu : Humidifier, ICC : Indoor Cooling Coil, MEV : 
Manual Expansion Valve, mg : Glycol Mass Flow Meter, ml : Liquid Mass Flow Meter, mo : Oil Mass Flow Meter, mr : Refrigerant Mass Flow Meter, Mtr : Motor,  N : Nozzle, 
NV : Needle Valve, OCC : Outdoor Cooling Coil, Or : Orifice Tube, P : Pressure Transducer, RH : Relative Humidity Probe, S  : Oil Separator, SA : Suction Accumulator, SLHX 
: Suction Line Heat Exchanger, Sc : Condensate Scale, SG : Sightglass, Sp : Speed Controller, T : Thermocouple, TC : Temperature Controller, TG : Thermocouple Grid, TH : 
Tachometer, Tor : Torque Transducer, W : Watt Transducer 
[Indices]  a : air, c : outdoor coil, cc : crankcase, cp : compressor, dp : dew point, e : indoor coil, g : glycol, i : inlet, l : liquid, n : nozzle, o : outlet, r : refrigerant, sh : suction line 
heat exchanger 





































































































1st Generation Mobile R744
Heat Pump System
(MHP1R744)




[Symbols] B : Blower, BL : Air Blender, BPV : Back-`Pressure Valve, C : Compressor , CL : Compressor Clutch, CM : Chilled 
Mirror Dew Point Sensor, Dp : Differential Pressure Transducer, Evap : Evaporator, FS : Flow Straightener, GC : Gas cooler, H 
: Heater, Hu : Humidifier, ICC : Indoor Cooling Coil, mg : Glycol Mass Flow Meter, ml : Liquid Mass Flow Meter, mo : Oil 
Mass Flow Meter, mr : Refrigerant Mass Flow Meter, Mtr : Motor,  N : Nozzle, NV : Needle Valve, OCC : Outdoor Cooling 
Coil, P : Pressure Transducer, RH : Relative Humidity Probe, S  : Oil Separator, SA : Suction Accumulator, SLHX : Suction Line 
Heat Exchanger, Sc : Condensate Scale, SG : Sightglass, Sp : Speed Controller, T : Thermocouple, TC : Temperature Controller, 
TG : Thermocouple Grid, TH : Tachometer, Tor : Torque Transducer, W : Watt Transducer, XV : Manual Expansion Valve 
[Indices]  a : air, c : outdoor coil, cc : crankcase, cp : compressor, dp : dew point, e : indoor coil, g : glycol, i : inlet, l : liquid, n : 
nozzle, o : outlet, os : oil separator, r : refrigerant, sh : suction line heat exchanger 
Figure 2-2 Test facilities for the MHP1R744 system (left) and the MHP2R744 system (right). 
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2.2 Refrigerant-Side Instrumentation 
A/C system components  used in the MAC2HFC and MAC2R744 systems are described in detail in Chapter 
3.  MAC1R744 system components are described in Chapter 4.  Specifications for the heat pump components used 
in the MHP1R744 and MHP2R744 systems are discussed in Chapter 5. 
In all of the systems tested, refrigerant mass flow rate and density were measured using a 0.1% coriolis 
type mass flow meter.  For the R744 systems, two additional 0.1% coriolis type mass flow meters were incorporated 
into the systems.  One mass flow meter was used to measure mass flow rate and density of liquid R744/oil exiting 
the suction accumulator, while the other was used to measure oil mass flow rate and density returning to the 
compressor from the oil separator.  All thermocouples in the refrigerant loop were T-type immersion thermocouple 
probes placed directly into the refrigerant flow.     
The absolute pressure transducers used to measure high and low-side pressures at the R134a heat 
exchangers outlets had a range of 0-3.5MPa (±0.2%FS) and 0-0.7MPa (±0.2%FS), respectively.  For the R744 
systems, the absolute pressure transducers used to measure high and low-side pressure at the outlet of the heat 
exchangers had ranges of 0-20.7MPa (±0.1%FS) and 0-6.9MPa (±0.1%FS), respectively.  Absolute pressure 
transducers were also used in the MAC1R744 system to measure the high and low-side refrigerant pressure at the 
inlets of the heat exchangers.  The high-side absolute pressure transducer used at the MAC1R744 gas cooler inlet 
had a range of 0-20.7MPa (±0.1%FS), wh ile the low-side absolute transducer used at the MAC1R744 evaporator 
inlet had a range of 0-6.9MPa (±0.1%FS). 
The MAC2R744, MHP1R744, and MHP2R744 systems used an additional low-side absolute pressure 
transducer (0-6.9MPa (+/0.1%FS)).  For the MHP1R744 system, the absolute pressure transducer was used to 
measure the low-side inlet pressure of the SLHX.   In the MAC2R744 and MHP2R744 systems, the absolute 
pressure transducer was attached to a header with multiple inlets.  Each inlet had a corresponding valve, which 
allowed for low-side pressure to be measured at the low-pressure inlet and outlet of the SLHX and the compressor 
crankcase.  In a similar fashion, the MAC2R744 and MHP2R744 systems incorporated another header and valve 
assembly for the absolute pressure transducer used to measure refrigerant pressure at the gas cooler outlet.  This 
made it possible to obtain refrigerant pressure measurements at the gas cooler exit, SLHX high-pressure inlet, and 
the SLHX high-pressure outlet. 
For all systems except the MAC1R744 system, a differential pressure transducer was used in conjunction 
with the absolute pressure transducer on the refrigerant outlet of each heat exchanger.  The MAC1R744 system used 
absolute pressure transducers on the refrigerant inlet and outlet of each heat exchanger.  The use of differential 
pressure transducers across each heat exchanger ensured sensible and accurate refrigerant pressure drop 
measurements.  Heat exchanger inlet-refrigerant pressures were calculated by adding differential pressure drop to 
the absolute pressure measured at the exit.  Differential pressure transducers used for the R134a heat exchangers had 
a range of 0-170kPa (+/-0.17%FS).  Differential pressure transducers with a range of 0-344.7kPa (+/-0.25%FS) were 
used to measure refrigerant pressure drop across the R744 heat exchangers.   
 14 
2.3 Data Reduction 
All data were recorded with a Hewlett-Packard data acquisition system HP75000 and HPVEE data 
acquisition software.  All data were monitored via graphic windows and were scanned every 6 seconds onto a 
spreadsheet.  After reaching steady state, data were averaged over a 10-minute period and standard deviations were 
computed and checked.  Using the averaged data, thermodynamic and performance calculations were performed 
using Engineering Equation Solver (EES, Klein and Alvarado, 2001). 
2.4 Validity of Experimental Results and Error Propagation 
Three procedures for determining heat exchanger capacity were used to ensure reliable results.  Once again, 
the three methods used were: refrigerant-side balance, air-side balance, and calorimetric chambers.  For each system 
examined in this project, the accurateness of the capacity results for each heat exchanger are illustrated in the 
comparisons between the air-side balance and chamber (calorimetric) balance shown in Figures 2-3 - 2-6.  
Refrigerant-side balance shall not be considered in these comparisons since it is the most unreliable balance as 
previously described.  Information about the energy balance agreement for the MAC1R744 system can be obtained 
by referring to Boewe (1999). 
For the MAC2HFC system, the comparison between chamber balance and air-side balance for the R134a 
evaporator and condenser are shown in Figure 2-3.  The average standard deviation between the evaporator chamber 
balance and evaporator air-side balance was 0.2kW, which is 4% of the average evaporator capacity.  For the 










0 2 4 6 8 10 12 14 16






























0 2 4 6 8 10 12
























Figure 2-3 Chamber balance and air-side balance comparison for the MAC2HFC evaporator (left) and condenser 
(right). 
In Figure 2-4, air-side balance is compared to chamber balance for the heat exchangers used in the 
MAC2R744 system.  Comparison of the evaporator chamber balance and air-side balance show an average standard 
deviation of 0.11kW.  The resulting standard deviation is 1.8% of the average evaporator capacity for the tests 
conducted with the MAC2R744 system.  An average standard deviation of 0.17kW was determined between 
corresponding gas cooler chamber and air-side balances, which is 2.1% of the average gas cooler capacity for the 
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Figure 2-4 Chamber balance and air-side balance comparison for the MAC2R744 evaporator (left) and gas 
cooler (right).  
Energy balance agreement between air-side balance and chamber balance for the MHP1R744 is shown in 
Figure 2-5.  Energy balances for the MHP1R744 evaporator show a standard deviation of 0.14kW.  This standard 
deviation is 5.9% of the average evaporator capacity.  For the MHP1R744 gas cooler the average standard deviation 
between balances was determined as 0.09kW, which is 2.6% of the average gas cooler capacity.   
Figure 2-6 shows the energy balance agreements between the chamber and air-side balances for the 
evaporator and gas cooler for the tests conducted with the MHP2R744 system.  An average standard deviation of 
0.08kW was determined for the MHP2R744 evaporator balances.  Compared to the average evaporator capacity this 
standard deviation is 2.4% of the value.  The MHP2R744 gas cooler capacities show to have an average standard 
deviation of 0.09kW, which is 1.8% of the average gas cooler capacity attained for tests conducted with the 
MHP2R744 system. 
An error propagation analysis was conducted and the results are shown in Appendix D.  The purpose of the 
error propagation analysis was to determine the uncertainty of significant results due to relative instrument 
uncertainties.  Heat exchanger capacity, compressor work, and system efficiency were subjected to the error 
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Figure 2-6 Chamber balance and air-side balance comparison for the MHP2R744 evaporator (left) and gas cooler 
(right). 
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Chapter 3: Performance Comparison of Similarly Sized  
Transcritical R744 and R134a Mobile A/C Systems 
3.1 Introduction 
The objective of this chapter is to compare the performance of a second-generation transcritical R744 
mobile air-conditioning system to the performance of a similarly sized conventional R134a air-conditioning system.  
The baseline R134a system is a production system sized for a sport utility vehicle or mid-size vehicle used in the 
United States.  Heat exchangers used in the R744 system were designed to have equal or smaller core volumes as the 
corresponding R134a heat exchangers.  However, the R744 gas cooler used was actually 30% smaller in core 
volume as compared to the R134a condenser and the R744 evaporator was 18% smaller in core volume than the 
R134a evaporator. 
To facilitate comparisons between the two systems, tests were conducted at the same operating conditions 
for both systems.  Additional tests were conducted to compare the R744 system efficiency (COP) to the R134a 
system efficiency at the same operating conditions.  For these tests, the evaporator capacity achieved with the 
baseline system was matched by the R744 system.  This was accomplished by regulating compressor speed and the 
expansion valve setting for the R744 system.  Results of these comparisons illustrate that considerable progress has 
been made in the performance of mobile R744 a/c systems.  The enhanced R744 system, with considerably smaller 
heat exchangers than the R134a system, provided 23 – 52% more capacity at similar testing conditions.  In addition, 
the CO2 system achieved 38 – 63% higher COP than attained with the R134a system at similar evaporator capacities 
and operation conditions. 
3.2 System Components 
The systems tested were a commercially available R134a a/c unit for a sport utility vehicle or mid-size car 
(denoted MAC2HFC) and a prototype R744 a/c system (denoted MAC2R744).  System components and the relative 
location of instrumentation for the MAC2HFC and MAC2R744 systems are shown schematically in Figures 3-1 and 
3-2, respectively.  Component specifications and dimensions for both systems considered are listed in Table 3-1.  
Table 3-2 provides a more detailed description of the MAC2HFC and MAC2R744 heat exchangers. 
The MAC2HFC and MAC2R744 evaporators are pictured in Figure 3-3.  Figure 3-4 shows the MAC2HFC 
condenser and the MAC2R744 gas cooler.  The R134a heat exchangers each have one inlet and one outlet.  
However, the R744 evaporator has four inlets and four outlets, while the gas cooler has three inlets and two outlets.  
A distributor with four outlets was used to evenly feed refrigerant exiting the expansion device into the four 
evaporator inlets.  Tubes used to connect the distributor outlets to the evaporator inlets were of equal length.  A pipe 
header was constructed that merged the four outlets into a single stream.  As with the distributor, tube lengths 
extending from each outlet were of equal length.  For the MAC2R744 gas cooler, only one inlet and one outlet were 
used, as shown in Figure 3-4. 
Heat exchangers for the MAC2R744 system were designed to have equal or less core volumes than the 
MAC2HFC heat exchangers.  As can be seen from Tables 3-1 and 3-2, the core volumes of the R744 heat 
exchangers were actually significantly smaller than the R134a heat exchangers.  The R744 gas cooler has a 30% 
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smaller core volume than the R134a condenser and the R744 evaporator has an 18% smaller core volume than the 
R134a evaporator.  A scaled schematic comparing the size of the R744 heat exchangers to the corresponding R134a 
heat exchangers is shown in Figure 3-5. 
In order to simulate the actual R134a system as closely as possible with the MAC2HFC system, no 
components were modified with the exception of tube length.  Modifications in tube length were necessary due to 
the location of components in the test facilities.  Table 3-3 lists the original tube lengths and any alterations to those 
lengths for the MAC2HFC system.  Inner diameters of the extra tubing were kept the same as the original tubing it 
connected.  Tube lengths and diameters used for the MAC2R744 system are shown in Table 3-4. 
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Table 3-1 General specifications and dimensions for the components used in the MAC2HFC and MAC2R744 a/c 
systems. 
Refrigerant R134a R744 
Type SUV Prototype System 
Name MAC2HFC MAC2R744 





Expansion device Orifice Tube Manual expansion valve 
Description Microchannel, 4 pass (9-8-5-4) 
Microchannel brazed Al 
tubes, 1 pass, 3 slabs, 
counter flow 
Mass [kg] 3.5 
3.28 
(3.14*) 
Face area  
(width x height) 
[cm2] 
66.7 x 36.2 = 2415 60.8 x 34.9 = 2122 
Core depth [cm] 2.57 2.03 
Core volume [cm3] 6193 4307 
Air side surface area 
[m2] 8.4 7.1 
Free Flow cross-













Refrigerant side surface 
area [m2] -- 0.53 
Description Brazed Al plate, 3-pass, 18 plates, (6-6-6) 
Microchannel brazed Al 
tubes, 24 pass, 2 slabs, 
parallel flow 




(width x height) 
[cm2] 
24.3 x 25.4 = 617 24.4 x 17.6 = 430 
Core depth [cm] 7.2 8.5 
Core volume [cm3] 4442 3655 
Air side surface area 
[m2] 4.5 4.4 
Free Flow cross-












Refrigerant side surface 
area [m2] -- 0.92 












Length [m] - 0.44 
*Approximate mass without header connections. 
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Table 3-2 Detailed description of the MAC2HFC and MAC2R744 heat exchangers. 
System MAC2HFC MAC2R744 MAC2HFC MAC2R744 
Heat Exchanger Evaporator Condenser Gas Cooler 






Face Area [cm2] 617 430 2415 2122 
Core Depth [cm] 7.2 8.5 2.57 2.03 
Core Volume [cm3] 4442 3655 6193 4307 
Air-Side Surface Area [m2] 4.5 4.4 8.4 7.1 
Free Flow Cross-Sectional Area [m2] 0.0438 0.0315 0.1949 0.1617 
Refrigerant-Side Surface Area [m2] - 0.92 - 0.53 
Number of Ports  - 17 - 4 
Port Diameter [mm] - 1.092 - 0.635 
Fin Pitch [mm] - 1.49 - 1.16 
Fin Thickness [mm] - 0.1 - 0.1 
Fin Density [fins/inch] 14 17 18 22 
Louver angle [o] - 27 - 27 
Louver pitch [mm] - 1.40 - 1.06 














































































Figure 3-3 MAC2R744 evaporator (left) and MAC2HFC evaporator (right). 
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Gas Cooler / Condenser
Core Volume:
MAC2HFC - 6193 cm3
MAC2R744 - 4307 cm3
Evaporator
Core Volume:
MAC2HFC -  4442 cm3




Figure 3-5 Comparison of the core dimensions for the MAC2HFC and MAC2R744 heat exchangers. 
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355.6 - - 355.6 15.9 12.7 
Hose 914.4 - - 914.4 - 10 
Hoseoutlet - 
Condenserinlet 
228.6 - 3606.8 3835.4 12.7 10.7 
Condenseroutlet – 
Orifice 838.2 -431.8 3454.4 3860.8 12.7 10.7 
Orifice - 
Evaporatorinlet 
- - 1346.2 1346.2 12.7 10.7 
Evaporatoroutlet - 
Accumulatorinlet 
- - 3683 3683 19.1 16.5 
Accumulatoroutlet – 
Hoseinlet 
101.6 - - 101.6 15.9 12.7 
Hose 812.8 - - 812.8 - 16 
Hoseoutlet - 
Compinlet 
279.4 - - 279.4 12.7 9.5 
 








Compressoroutlet – Oil Separatorinlet 1060 12.7 10.2 
Oil Separatoroutlet – Gascoolerinlet 2730 12.7 10.2 
Gascooleroutlet – SLHXinlet,high 3670 9.5 7.1 
SLHXoutlet,high – EEVinlet 730 9.5 7.1 
EEVoutlet – DSTinlet 1020 9.5 7.1 
DSToutlet – Evaporatorinlet (x4) 360 x 4 = 1440 3.2 1.8 
Evaporatoroutlet – HDR (all header tubing) 990 9.5 7.1 
HDR – Accumulatorinlet 1680 12.7 10.2 
Accumulatoroutlet,liquid – AccumulatorLiquid/Vapor Mix 180 9.5 7.1 
Accumulatoroutlet,vapor – AccumulatorLiquid/Vapor Mix 880 12.7 10.2 
AccumulatorLiquid/Vapor Mix – SLHXinlet,low 140 9.5 7.1 
SLHXoutlet,low – Compressorinlet 760 12.7 10.2 
 
3.3 Test Matrix 
The test matrix shown in Table 3-5 lists all tests conducted with the R134a and R744 systems.  Tests 
conducted with the MAC2HFC a system are indicated by bold face font.  Conditions in which the MAC2HFC 
system experienced compressor cycling are denoted with an asterisk.  Tests performed with the MAC2R744 system 
are shaded.  Conditions that are both shaded and shown in bold represent tests conducted with both systems.   
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Table 3-5 Test matrix used for MAC2HFC and MAC2R744 mobile a/c systems. 
Condenser/ 
Gas Cooler 
Evaporator Relative Humidity [%] Compressor Speed, RPM 
(Condenser/Gas 
Cooler flow rate) Inlet air temp.[
oC] Air flow rate, [m3/min] Inlet air temp.[
oC] 40 50 
43.3 7.08 21.1 I17  950 
(22.7 m3/min) 54.4 7.08 32.2 I6  
950 
(24.9 m3/min) 
54.4 7.08 32.2 I6FV  
21.1 1.98 21.1 LC*  
4.95 21.1 L1*  
32.2 
8.49 32.2 L2  
4.95 21.1 L3*  
32.2 L4  37.8 
8.49 
37.8 LB  
4.95 21.1 L5  
4.95 32.2 L6  43.3 
8.49 32.2 L6new  




37.8 L7  
1800 
(26.9 m3/min) 
43.3 7.08 32.2 M3  
21.1 1.98 21.1 DC*  
4.95 21.1 D1*  
32.2 
8.49 32.2 D2  
4.95 21.1 D3*  
32.2 D4  
8.49 
37.8 DB  
37.8 
7.07 40.6 CH  
4.95 21.1 D5*  
4.95 32.2 D6*  43.3 
8.49 32.2 D6new  




37.8 D7  
3000 
(35.4 m3/min) 
43.3 7.08 32.2 H3  
 
Air flow rate over the condenser/gas cooler is related to compressor speed for every condition except I6FV.  
MAC2HFC tests were conducted at two compressor speeds: 1000 and 2000 rpm.  Tests performed at 1000 rpm are 
labeled “L#” and represent idling conditions, while tests conducted at 2000 rpm are labeled “D#” and represent 
driving conditions.  One exception to the notation is the CH condition or R134a charging test condition performed at 
2000 rpm.  MAC2R744 tests were conducted at 950, 1000, 1800, 2000, and 3000 rpm.  The R744 tests conducted at 
1000 and 2000 rpm were named using the same convention as used with the R134a tests.  Tests conducted at 950, 
1800, and 3000 rpm are denoted by “I#”, “M#”, and “H#”, respectively.  Results of these tests will be neglected 
since they were conducted for the purpose of comparing the MAC2R744 system to the first-generation R744 mobile 
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a/c system.  Included in these tests is the I6FV condition test, which was performed to investigate the influence of 
increased air flow rate on performance.   
3.4 Experimental Results 
In this section, some results from the tests performed on the MAC2HFC and MAC2R744 systems are 
presented.  The main objective of this section is to use these results to illustrate comparisons between the two 
systems.  A comprehensive summary of all the results from tests conducted on the MAC2HFC and MAC2R744 
systems at the same operating conditions is shown in Appendix C.   
In opening charge optimization, oil concentration, and test repeatability are addressed for the R134a 
system.  The two subsections that follow were dedicated to characterizing the performance of each system at various 
operating conditions.  In the final subsection, results from the two systems at similar operating conditions and/or 
evaporator capacities are used to draw comparisons between the systems. 
3.4.1 Charge Optimization 
Refrigerant charge optimization tests were performed on the MAC2HFC system before all other tests 
shown in the test matrix were conducted.  The criterion used in this study was to identify the amount of R134a 
necessary for the evaporator outlet refrigerant temperature (Tero) to be equal or less than the evaporator air outlet 
temperature (Teao) at the given charging condition.  This method is used in industry to ensure the evaporator outlet 
is  at least slightly superheated.  The manufacturers recommended charging procedure called for an additional 100 
grams of charge once this “crossover” point was reached. 
Table 3-6 shows the influence of the refrigerant charge on performance at the MAC2HFC charging 
condition CH.  Results are shown for five different charging levels (A, B, C, D and E).  At the charging condition 
compressor speed was 2000 rpm.  Compartment temperature was 40.6o C and ambient temperature was 37.8oC.  Air 
flow rates over the condenser and the evaporator were 59.5 m3/min (2100cfm) and 7.08 m3/min (250cfm), 
respectively. 
At charge level A, air temperature at the evaporator outlet was 17.1oC and refrigerant outlet temperature 
was 23.4o C, which indicated more refrigerant was required.  Refrigerant was added and the temperature difference 
decreased.  At charge B, the two temperatures had a difference of 4oC.  Therefore, more refrigerant was added 
(charge C) and the temperature difference reduced to less than 2oC. With the addition of more refrigerant (charge 
D), crossover was reached.  An additional 98.9 grams of refrigerant was then added to the system (charge E), which 
completed the charging procedure.  At this point the system was correctly charged according to the manufacturers 
recommended charging procedure.  At the final charge amount, the total refrigerant charge was 1096.4 grams and 
evaporator capacity (Qevap) and COP were approximately 6.7 kW and 2.0, respectively.   
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Table 3-6 Influence of refrigerant charge on MAC2HFC system performance. 
Test Condition CH 
Charge Level A B C D E 
Refrigerant Added [g] 883.6 45.4 46.3 22.2 98.9 
Total Refrigerant [g] 883.6 929 975.3 997.5 1096.4 
Tcai [oC] 37.8 38.1 38.0 38.0 38.0 
Teai [oC] 40.8 40.8 40.7 40.7 40.8 Operating Conditions  
Rheai [%] 24.3 24.2 24.3 24.4 24.3 
Teri [oC] 1.9 3.9 6.2 7.2 8.8 
Tero [oC] 23.4 19.9 16.3 14.6 7.9 
Teao [oC] 17.1 15.7 14.6 14.5 14.3 
Tevap [oC] -0.8 1.6 3.84 4.8 6.4 
Pero [kPa] 284.7 309.9 336.1 347.2 366.7 
Pcro [kPa] 1313 1353 1393 1411 1455 
Wcomp [kW] 2.73 2.89 3.06 3.12 3.30 
Mw [g/s] 1.038 1.157 1.281 1.33 1.36 
Qevap [kW] 5.55 6.06 6.43 6.61 6.67 
Results  
COP 2.03 2.10 2.11 2.12 2.02 
 
Charge optimization tests were not conducted on the MAC2R744 system.  For transcritical R744 a/c 
systems with a low-side receiver, Boewe et al. (1999) demonstrated that charge amount had an insignificant effect 
on system performance, given that some liquid level was maintained in the suction accumulator.   
3.4.2 R134a Oil Concentration 
R134a a/c systems typically require an oil concentration between 2 – 4%.  PAG oil was added to the system 
in order to provide lubrication to the compressor.  Since PAG oil is soluble in R134a, it returns to the compressor 
with the refrigerant.  Oil concentration was measured by obtaining refrigerant/oil samples from the system at the 
charging condition CH.   
Oil concentration was determined using a sampling technique.  Tests were conducted by first weighing an 
empty sampling tube (M0).  Next a liquid sample of refrigerant and oil fro m the condenser exit was obtained.  The 
sampling tube with the obtained sample was then weighed (M1).  Next a valve on the sampling tube was slightly 
opened to allow the refrigerant to discharge slowly, leaving only oil in the sampling tube. The weight of the 
sampling tube plus the oil was then recorded (M2).  Using the values for M0, M1, and M2 along with equations 3.1-
3.4, oil concentration was determined.   
21 MMM ref -=  (3.1) 
osample MMM -= 1  (3.2) 











2  (3.4) 
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The MAC2HFC system tests were conducted between March 29 and April 10, 2000.  During this period, 
no additional refrigerant or oil was added to the system.  An oil concentration test conducted prior to the start of 
testing on March 29, 2000 yielded the values 1101.78, 1192.04, and 1103.59 grams for M0, M1, and M2, 
respectively.  Solving equation 3.4 for oil concentration (Oilconc), while considering a +/-0.1 uncertainty in each 
measurement, the resulting measured oil concentration was 2.0%+/-0.16.   
3.4.3 Repeatability of R134a Tests 
Three test conditions were repeated several days after the initial tests were conducted to validate test results 
for the R134a system.  Repetition of tests also ensured that refrigerant charge was not lost over the period of testing.  
Results of the tests and the dates the tests were conducted are shown in Table 3-7.   
It can be seen that set points of repeated tests closely matched the set points of their respective initial tests.  
Evaporator capacity and COP for the repeated tests varied from the initial tests by 0.36% to 2.34% and 1.34% to 
6.42%, respectively.   
Table 3-7 Repeatability of the R134a experimental results. 
Test Condition CH CH_2 L5 L5_2 L6 L6_2 
Date of test run 3/29/00 4/5/00 4/3/00 4/8/00 4/2/00 4/10/00 
Tcai [oC] 38.0 38.2 42.9 43.3 43.4 43.3 
Teai [oC] 40.8 40.6 21.3 21.4 32.2 32.5 
Rheai [%] 39.4 39.9 39.5 39.1 40.2 39.4 
AFRc [m3/min] 59.64 58.96 29.68 29.82 29.56 29.73 
Set Points 
AFRe [m3/min] 7.01 7.07 4.94 4.91 4.88 4.92 
Wcomp [kW] 3.30 3.19 1.43 1.39 1.63 1.57 
Mw [kg/s] 1.357 1.356 0.228 0.207 0.515 0.530 
DTsub [oC] 9.2 7.4 1.3 1.3 1.6 1.6 
DTsup [oC] 1.6 7.3 0.8 0.6 1.1 1.1 
Pcro [kPa] 1455 1427 1374 1372 1513 1486 
Pero [kPa] 366.7 357.5 279.1 280.3 347.2 343.2 
Qevap [kW] 6.67 6.65 2.14 2.10 3.25 3.32 
Results  
COP 2.02 2.09 1.49 1.51 1.99 2.12 
 
3.4.4 Performance of the MAC2HFC System 
Tests were conducted on the MAC2HFC system from 2/23/00 to 4/10/00.  As with most experiments there 
is a debugging period at the beginning of testing.  During this time, various problems with instrumentation, data 
acquisition, and the overall system were identified and subsequently resolved.  This debugging period lasted from 
the start of testing until 3/29/00.  Once all problems with the system were thought to be debugged, a final set of tests 
were performed with the MAC2HFC system according to the given test matrix.  However, after the experiments 
were completed, it was discovered that absolute pressure measurements at the compressor inlet (Prcpi) were 
erroneous for all tests.  Data acquired from the pressure transducer showed significant variation in the readings for 
each of the tests.  Troubleshooting the problem, it was discovered that this variation was caused by a poor electrical 
connection on the transducer.  Nevertheless, pressure measurements at the exit of the evaporator (Pero) can be 
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considered representative of the refrigerant-inlet pressures at the compressor.  However, it shall be understood that 
pressure drop in the suction line is neglected using this approach. 
System and compressor results from the final set of steady-state tests are shown in Table 3-8.  Results for 
refrigerant pressure at the inlet of the compressor are not included, but instead refrigerant pressure at the outlet of 
the evaporator is given.  For the L5 test, refrigerant mass flow rate (Mr) is negative and is shaded, indicating an 
erroneous result.  As previously mentioned, measurements from the refrigerant mass flow meter may be erroneous 
when two-phase refrigerant exists at the exit of the condenser.  A more complete summary of the results acquired for 
the MAC2HFC system tests is given in Appendix C. 


















CH 53.0 6.67 9.81 3.30 2.02 366.7 1530 15.7 
L2 33.2 4.57 5.81 1.51 3.03 362.3 1230 14.0 
L4 35.2 4.27 5.68 1.63 2.62 381 1430 15.1 
L5 -6.1 2.14 3.17 1.43 1.49 279.1 1400 13.4 
L6 38.3 3.25 4.52 1.63 1.99 347.2 1540 15.2 
L6new 37.4 4.06 5.45 1.74 2.33 396.6 1600 16.1 
L7 41.6 4.58 5.97 1.95 2.35 455.8 1870 18.1 
LA 40.1 4.05 5.41 1.92 2.11 438.3 1860 17.8 
LB 38.3 5.09 6.48 1.71 2.98 422 1470 15.9 
D2 44.5 5.71 8.59 2.91 1.96 310.1 1270 13.8 
D4 45.5 5.44 8.40 3.04 1.79 320.6 1440 14.4 
D6new 45.6 5.31 8.00 3.15 1.69 330.8 1610 14.9 
D7 54.5 5.99 8.99 3.60 1.67 391.8 1930 17.1 
DA 51.1 5.49 8.38 3.45 1.59 365.6 1860 16.4 
DB 52.6 6.61 9.77 3.30 2.01 365.3 1530 15.6 
 
Figure 3-6 shows the effect of pressure ratio on isentropic and volumetric efficiency for the MAC2HFC 
compressor.  Equations from linear-curve fits of each data set are shown in the Figure.  Isentropic and volumetric 















h  (3.6) 
For equation 3.5, mr is refrigerant mass flow rate (kg/s), Dhs is isentropic work of compression (kJ/kg), and 
Wcomp  is work input to the compressor shaft.  For equation 3.6, nsuc is the specific volume (m
3/kg) of the suction 
vapor, w is the compressor speed (revolutions/sec), and Vd is the compressor displacement (m
3). 
Figure 3-6 was constructed using compressor efficiency results from tests conducted previous to the final 
set of experiments.  It was verified, through the examination of the raw data, that no significant variation existed in 
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the pressure readings at the compressor inlet for these tests.  As a result, for each test listed in Table 3-8, a fair 
estimate of isentropic and volumetric efficiency can be determined using the equations in Figure 3-6 along with the 
pressure ratio Pcri/Pero, where Pcri is the refrigerant pressure at the inlet of the condenser.  It shall be noted that by 
using the pressures at the exit of the evaporator and inlet of the condenser instead of the pressures at the compressor 
inlet and outlet, pressure drop between these components have been neglected.  Therefore, this method introduces a 
small amount of error into the efficiency results, but the results shall be considered a reasonable estimate.   
Figures 3-7 and 3-8 show the effect of condenser air inlet temperature on COP and evaporator capacity, 
respectively.  Results from both cycling and steady-state tests are shown and are differentiable by their symbols.  
Each data point is labeled according to the corresponding test condition.  For the same compressor speed, lines 
connecting data designate tests conducted at the same air flow rate (AFRe), inlet-air temperature (Teai), and relative 
humid ity at the evaporator.  At constant evaporator conditions, COP and evaporator capacity decrease as air 
temperature at the condenser inlet increases.  Additionally, COP and evaporator capacity at a specific condenser air 
inlet temperature were reduced as evaporator air inlet temperature was reduced.  Both of these trends were expected.  
An obvious exception to the trends explained was the increase in evaporator capacity from test condition L3 to L5.  
These tests were both conducted at the same evaporator condition and compressor speed.  However, load on the 
evaporator was increased as condenser inlet air temperature increased from L3 to L5.  In order to match the 
increased load, the compressor transitioned from a cycling mode to a steady mode at the same comp ressor speed.  
Thus, a higher cooling capacity resulted.   
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Figure 3-6 Effect of pressure ratio on isentropic efficiency (left) and volumetric efficiency (right) for the 
MAC2HFC compressor. 
Figures 3-9 and 3-10 illustrate the influence of evaporator air inlet temperature on COP and evaporator 
capacity, respectively.  Results from both cycling and steady-state tests are shown and distinguishable by their 
symbols.  Each data point is labeled according to the corresponding test condition.  Data points connected with lines 
indicate constant compressor speed, condenser air flow rate (AFRc), and condenser air inlet temperature (Tcai).  As 
was expected for constant air-side conditions at the condenser, both evaporator capacity and system COP increased 
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Figure 3-10 Influence of air temperature at the inlet of the evaporator on evaporator capacity for MAC2HFC 
cycling and steady-state tests. 
3.4.5 Performance of the MAC2R744 System 
Tests were conducted on the MAC2R744 system at various test conditions in which the MAC2HFC system 
was also tested.  These experiments were conducted in order to facilitate comparisons between the systems.  Table 
3-9 lists the results of MAC2R744 system tests conducted at the same test conditions as the MAC2HFC system.  
Results presented for the R744 system correspond to the specific tests where the maximum COP was obtained for 
each condition.  A more complete summary of results acquired for MAC2R744 system tests is given in Appendix C.   
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A possible control strategy for transcritical R744 systems is COP maximization through the regulation of 
high-side pressure.  Park et al. (1999) described this strategy for transcritical R744 a/c systems.  Employing this 
strategy with the MAC2R744 system, the maximum COP for each test condition was obtained.  At each test 
condition, tests were conducted at a range of high-side pressures by regulating the manual expansion valve.  The 
high-side pressure controlled in these tests was the refrigerant pressure at the outlet of the gas cooler (Pcro).  Figures 
3-11 and 3-12 show the effect of high-side pressure on COP and evaporator capacity, respectively.  As explained, 
the maximum COP for each condition in Figure 3-11 relates to a specific high-side pressure.   























L6new 40.4 5.53 7.64 2.54 2.18 10780 2.63 10900 24.3 
L7 49.0 5.99 8.09 2.77 2.17 11750 2.47 11920 26.7 
LA 42.5 5.74 8.02 2.85 2.01 12190 2.76 12300 27.5 
LB 52.8 6.27 8.03 2.21 2.84 9550 2.06 9750 21.1 
D6new 54.7 7.90 13.32 4.94 1.60 10600 3.36 10830 23.6 
D7 67.4 8.42 13.25 5.53 1.52 11390 3.12 11710 26.5 
DA 57.7 8.36 13.08 5.61 1.49 12320 3.62 12550 26.9 

















































Figure 3-12 Evaporator capacity corresponding to MAC2R744 COP maximization tests. 
Isentropic and volumetric efficiency for the MAC2R744 compressor are shown in Figure 3-13.  Equations 
relating the respective compressor efficiency to pressure ratio are shown on each plot.  The equations were 
developed from linear-curve fits of the data.   






















































Figure 3-13 Effect of pressure ratio on isentropic efficiency (left) and volumetric efficiency (right) for the 
MAC2R744 compressor. 
3.4.6 Comparison of the Two Systems  
As previously illustrated, the heat exchangers used in the MAC2R744 system were smaller in core volume 
than the heat exchangers used in the MAC2HFC system.  The evaporator and gas cooler used in the MAC2R744 
system were 30% and 18% smaller in core volume, respectively, than the corresponding MAC2HFC condenser and 
evaporator. 
For various relative humidity, air-side pressure drop as a function of face velocity for both evaporators is 
shown in Figure 3-14.  Figure 3-15 shows the effect of air mass flow rate on air-side pressure drop for both 
evaporators at various relative humidity.  MAC2R744 evaporator displayed a higher air-side pressure drop than the 
MAC2HFC evaporator at similar face velocities and mass flow rates.  Refrigerant pressure drop through the 
evaporators used in both systems is shown in Figure 3-16.  Similar to the results for air-side pressure drop, 
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refrigerant-side pressure drop was greater for the R744 evaporator as compared to the R134a evaporator at similar 
refrigerant mass flow rates.   
Air-side pressure drops for the MAC2R744 gas cooler and MACHFC condenser are shown as functions of 
face velocity and air mass flow rate in Figures 3-17 and 3-18, respectively.  Similar to the results for the evaporators, 
the MAC2R744 gas cooler displayed higher air-side pressure drops than the MAC2HFC condenser at similar face 
velocities and air mass flow rates.  Refrigerant pressure drop through the gas cooler and condenser are shown in 
Figure 3-19 as functions of refrigerant mass flow rate.  At similar refrigerant mass flow rates, pressure drop for the 
R744 gas cooler was also greater than for the R134a condenser.   
Figure 3-20 displays the isentropic and volumetric efficiencies for the R134a and R744 compressors as 
functions of pressure ratio.  Over the particular range of pressure ratio experienced by each system, the MAC2R744 
compressor demonstrated higher isentropic and volumetric efficiencies than the MAC2HFC compressor.  For the 
MAC2R744 compressor, isentropic efficiency ranged from 75 – 83 %, while volumetric efficiency ranged from 72 – 
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Figure 3-14 Air-side pressure drop across MAC2R744 and MAC2HFC evaporators as a function of face velocity 
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Figure 3-15 Air-side pressure drop across MAC2R744 and MAC2HFC evaporators as a function of air mass 
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Figure 3-18 Air-side pressure drop for the MAC2R744 gas cooler and MAC2HFC condenser as a function of air 
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Figure 3-19 Effect of refrigerant mass flow rate on refrigerant pressure drop across the MAC2R744 gas cooler 
and the MAC2HFC condenser. 
y = -0.0177x + 0.6714
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Figure 3-20 Isentropic efficiencies (left) and volumetric efficiencies (right) over a range of pressure ratios for the 
MAC2HFC and MAC2R744 compressors. 
Results of system performance at the test conditions performed by both systems have been presented.  
Table 3-10 combines the results for COP and evaporator capacity for test conditions conducted by both systems.  
Results corresponding to the MAC2R744 system are in bold.  Percent differences between the MAC2R744 results 
and MAC2HFC results for evaporator capacity and COP are also shown in the Table.   
An initial impression from Table 3-10 is that the R744 system performed worse than the R134a system due 
to lower COP at every condition.  At similar test conditions, system efficiencies (COP) achieved by the MAC2R744 
system were 4.7 – 9.0% lower than attained with the MAC2HFC system.  However, evaporator capacity was 
significantly greater for the MAC2R744 system at all test conditions.  Evaporator capacity was 23 – 52% greater for 
the MAC2R744 system.  Therefore at the cost of a slightly lower COP, the MAC2R744 system produces a 
considerably larger evaporator capacity than the MAC2HFC system.  Nonetheless, it should be kept in mind that this 
increased cooling capacity, for the MAC2R744 system, requires additional work from the compressor as compared 
to the R134a system.   
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Considering the situation where this R744 system replaced the R134a system in an actual vehicle, the R744 
system could be modified to produce similar evaporator capacities as the R134a  system.  This approach would be 
pursued if the extra capacity is not needed or desired, but instead an increase in COP is required.  Some simple 
modifications could include: changing the belt ratio for the compressor pulley and/or resizing the expansion device.  
Other, more complicated and possibly more expensive options for controlling evaporator capacity in R744 mobile 
a/c systems are variable displacement compressors and/or controllable electronic expansion valves.   
Regardless of how this objective would be handled, we addressed this issue by conducting additional tests 
on the MAC2R744 system.  The purpose of these tests was to compare COP achieved by both systems at the DA 
and DB test conditions (see Table 3-5) by matching the MAC2HFC evaporator capacity at these conditions with the 
MAC2R744 system.  The procedure used to accomplish these tests involved regulating compressor speed and the 
setting of the expansion valve until the respective MAC2HFC evaporator capacity was reached.  This procedure was 
repeated for each respective evaporator capacity at a range of high-side pressures, which yielded a maximum COP 
for each condition.  Results of these tests are shown in Table 3-11.   
In Table 3-11, MAC2R744 results shown in bold indicate tests that the maximu m COP was achieved for 
the DA and DB test conditions.  Comparing these values for COP to MAC2HFC results, the MAC2R744 system 
efficiency was 38% higher for the DA test condition and 63% higher for the DB test condition.   
Table 3-10 COP and evaporator capacity achieved by the MAC2HFC and MAC2R744 systems at the same heat 













R134a 1.74 2.33 4.06 
L6new 




R134a 1.95 2.35 4.58 
L7 




R134a 1.92 2.11 4.05 
LA 




R134a 1.71 2.98 5.09 
LB 




R134a 3.15 1.69 5.31 
D6new 




R134a 3.60 1.67 5.99 
D7 




R134a 3.45 1.59 5.49 
DA 




R134a 3.30 2.01 6.61 
DB 






Table 3-11 Comparison of COP achieved by the MAC2HFC and MAC2R744 systems for similar evaporator 











5.53 1.57 9575 
5.59 1.79 10023 
5.47 2.05 10532 
5.54 2.13 10986 
5.50 2.20 11639 
DA 5.49 1.59 
5.55 2.18 12016 
6.66 2.86 9063 
6.69 3.20 9517 
6.77 3.29 10020 
6.80 3.20 10603 
6.82 3.08 11110 
6.79 2.99 11554 
DB 6.61 2.01 
6.78 2.86 12047 
 
3.5 Conclusion 
The test facilities, instrumentation, components, and experimental results for a given test matrix have been 
presented for the MAC2HFC and MAC2R744 a/c systems.  The two systems are: a baseline R134a system sized for 
an SUV or mid -size vehicle and a prototype transcritical R744 system.  Heat exchangers for the R744 system were 
shown to be considerably smaller in core volume than the heat exchangers used in the R134a system.  The R744 
compressor displacement was five times smaller than the R134a compressor.  Despite having smaller heat 
exchangers and compressor displacement, the MAC2R744 system displayed significantly better performance than 
the MAC2HFC system at the tests conducted.   
For tests conducted at the same operating conditions (ambient and compartment air temperatures, air flow 
rates, relative humidity, and compressor speed), the COP of the R744 system was shown to be 4.7 – 9.0% less than 
the COP attained by the R134a system.  However, evaporator (cooling) capacity for the R744 system was 23 – 52% 
larger than achieved with the R134a system.  For applications in which higher evaporator capacities are needed, and 
a slight decrease in COP is not a concern, the CO2 system tested would be appropriate.   
A more realistic situation involves resizing the R744 system to match the evaporator capacities produced 
by the R134a system at various operating conditions.  However, this would only be considered if the R744 system 
was capable of providing the same cooling capacity at a higher COP.  Considering this possibility, the evaporator 
capacities that resulted from MAC2HFC tests at the DA and DB test conditions were matched by the MAC2R744 
system at the respective conditions by reducing compressor speed.  At these two test conditions, the maximized COP 
obtained with the CO2 system were 38% and 63% greater than the corresponding efficiencies obtained with the 
R134a system. 
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Chapter 4: Performance Comparison of a First-Generation  
and Second-Generation Transcritical R744 Mobile A/C Systems 
4.1 Introduction 
This chapter describes an experimental study that was conducted to compare the performance of a second-
generation mobile R744 air conditioning system to the first mobile R744 system tested at the Air Conditioning and 
Refrigeration Center (ACRC).   
Heat exchangers used in the first-generation system were sized to emulate heat exchangers used in a typical 
compact vehicle, while the second-generation heat exchangers were sized for a mid -size vehicle.  Between the two 
systems, the components that differed the most in size were the gas coolers, suction line heat exchangers (SLHX), 
and compressors.  The second-generation gas cooler had a larger face area and core volume than the first-generation 
gas cooler.  Compressor displacement was also larger for the second-generation compressor.  The redesigned SLHX 
used in the enhanced system was composed of microchannel tubes and was 1.06m shorter than the coaxial tube 
SLHX used in the first system.  Evaporators used in each system had similar face area and core volume.   
Boewe et al. (1999) presented a system description and test results for the first-generation transcritical 
R744 mobile a/c system.  An analysis of the results indicated many possible areas of improvement.  Thus, the 
impetus for the assembly and subsequent testing of the second-generation system was to demonstrate that significant 
gains in system performance were possible with an enhanced transcritical R744 mobile a/c system.  Performance 
enhancements were achieved by introducing a superior compressor and improved heat exchangers.  In addition, tube 
lengths between components were shortened and tube inner diameters were increased, which reduced system 
pressure drops.   
The most significant improvement made upon the second-generation heat exchangers was the cross-counter 
flow arrangement implemented in the second-generation gas cooler as opposed to the parallel flow arrangement used 
in the first-generation gas cooler.  The second-generation heat exchangers were designed with multiple inlets and 
outlets.  For the evaporator this helped to improve refrigerant distribution.  A distributor was used to evenly feed 
refrigerant to each of the evaporator circuits.  The improvement of refrigerant distribution was addressed in the 
design of the new heat exchangers, since it was believed that refrigerant maldistribution affected the performance of 
the original R744 system.   
The test matrix described in this chapter is comprised of steady-state test conditions conducted with the 
first-generation R744 system.  The test matrix covers a range of operating conditions, which includes three 
compressor speeds and various indoor and outdoor air temperatures.   
Results of the tests conducted with the enhanced system show an 11 – 63% increase in evaporator capacity 
and a 1.6 – 5.4% increase in COP at similar test conditions as the first-generation system.  This increase in 
performance is most valuable at conditions where extreme ambient and indoor temperatures exist and higher cooling 
capacity is indispensable.  At conditions where the evaporator capacity and/or high-side pressure of the first-
generation system were matched, the second-generation system had system efficiencies 7 – 75% greater.  These 
results show, with the second-generation system, improved evaporator capacity and system efficiency can be 
obtained when needed the most. 
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4.2 System Components 
The system tested was a second-generation prototype R744 a/c system (denoted MAC2R744).  The first-
generation mobile R744 (denoted MAC1R744) system was tested in a previous research project (Boewe et al., 
1999).  Component specifications and dimensions for the two systems considered are summarized in Table 4-1.  
Table 4-2 provides a more detailed description of the MAC1R744 and MAC2R744 heat exchangers.  System 
components and the relative location of instrumentation for the MAC2R744 and MAC1R744 systems are shown 
schematically in Figures 4-1 and 4-2, respectively.   
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Table 4-1 General specifications and dimensions for the components used in the MAC1R744 and MAC2R744 
a/c systems. 
Refrigerant R744 R744 
Type Prototype Prototype System 
Name MAC1R744 MAC2R744 





Expansion device Manual or back pressure 
valve 
Manual or back pressure 
valve 
Description 
Microchannel, brazed Al 
tubes, 3 pass, parallel 
flow 
Microchannel brazed Al 
tubes, 1 pass, 3 slabs, 
counter flow 




(width x height) 
[cm2] 
53.0 x 36.8 = 1950 60.8 x 34.9 = 2122 
Core depth [cm] 1.65 2.03 
Core volume [cm3] 3320 4307 
Air side surface [m 2] 5.2 7.1 
Free flow cross-sectional area 













Refrigerant side surface area 
[m2] 0.49 0.53 
Description 
Microchannel, brazed Al 
tubes, 
7 pass, parallel flow 
Microchannel brazed Al 
tubes, 24 pass, 2 slabs, 
parallel flow 




(width x height) 
[cm2] 
22.4 x 18.2 = 408 24.4 x 17.6 = 430 
Core depth [cm] 9.1 8.5 
Core volume [cm3] 3710 3655 
Air side surface [m 2] 4.2 4.4 














Refrigerant side surface area 
[m2] 0.67 0.92 
Description 
Al. coaxial tubes, suction 












Length [m] 1.5 0.444 
*Approximate mass without header connections. 
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Table 4-2 Detailed description of the MAC1R744 and MAC2R744 heat exchangers. 
System MAC1R744 MAC2R744 MAC1R744 MAC2R744 
Heat Exchanger Evaporator Gas Cooler 






Face Area [cm2] 408 430 1950 2122 
Core Depth [cm] 9.1 8.5 1.65 2.03 
Core Volume [cm3] 3710 3655 3320 4307 
Air-Side Surface Area [m2] 4.2 4.4 5.2 7.1 
Free Flow Cross-Sectional Area [m2] 0.0311 0.0315 0.1467 0.1617 
Refrigerant-Side Surface Area [m2] 0.67 0.92 0.49 0.53 
Number of Ports  35 17 11 4 
Port Diam eter [mm] 0.787 1.092 0.79 0.635 
Fin Pitch [mm] 1.49 1.49 1.16 1.16 
Fin Thickness [mm] 0.1 0.1 0.1 0.1 
Fin Density [fins/inch] 17 17 22 22 
Louver angle [o] 30 27 23 27 
Louver pitch [mm] 1.55 1.40 0.99 1.06 
*Approximate mass without header connections . 
 
Tube lengths and diameters used for the MAC2R744 and MAC1R744 systems are shown in Tables 4-3 and 
4-4, respectively.  Tubes were maintained as short as possible, but there were limitations due to the location of 








































Figure 4-1 Schematic of the MAC2R744 system. 
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Table 4-3 Lengths and diameters of the tubes used for the MAC2R744 system. 
Section Section Length (mm) OD (mm) ID (mm) 
Compressoroutlet – Oil Separatorinlet 1060 12.7 10.2 
Oil Separatoroutlet – Gascoolerinlet 2730 12.7 10.2 
Gascooleroutlet – SLHXinlet,high 3670 9.5 7.1 
SLHXoutlet,high – EEVinlet 730 9.5 7.1 
EEVoutlet – DSTinlet 1020 9.5 7.1 
DSToutlet – Evaporatorinlet (x4) 360 x 4 = 1440 3.2 1.8 
Evaporatoroutlet – HDR (all header tubing) 990 9.5 7.1 
HDR – Accumulatorinlet 1680 12.7 10.2 
Accumulatoroutlet,liquid – AccumulatorLiquid/Vapor Mix 180 9.5 7.1 
Accumulatoroutlet,vapor – AccumulatorLiquid/Vapor Mix 880 12.7 10.2 
AccumulatorLiquid/Vapor Mix – SLHXinlet,low 140 9.5 7.1 






























Figure 4-2 Schematic of the MAC1R744 system. 
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OD (mm) ID (mm) 
Compressor – Gas cooler 2990 9.5 6.3 
Gas cooler – Exp. Device 5000 9.5 6.3 
Exp. Device – Evaporator 990 9.5 6.3 
Evaporator – Accumulator 1450 9.5 7.9 
Accumulator – Compressor 4500 9.5 7.9 
4.3 Test Matrix 
The purpose of the test matrix developed for MAC2R744 tests was to provide system and component data 
at MAC1R744 tests conditions.  This facilitated comparisons between the two systems at the same operating 
conditions and served to validate component models.  The test matrix is shown in Table 4-5.  This test matrix was 
used for both the MAC1R744 and MAC2R744 a/c systems.   
Table 4-5 Test matrix developed to compare the MAC2R744 mobile a/c system to the MAC1R744 mobile a/c 
system. 





Speed, RPM    
(Gas Cooler air 
flow Rate) Inlet Air Temperature 
[oC] 
Air Flow Rate 
[m3/min] 
Inlet Air Temperature 
[oC] 40 
43.3 7.08 21.1 I17 950 
(22.7 m3/min) 54.4 7.08 32.2 I6 
950 
(24.9 m3/min) 
54.4 7.08 32.2 I6FV*** 
1800 
(26.9 m3/min) 
43.3 7.08 32.2 M3 
3000* / 2400** 
(35.4 m3/min) 
43.3 7.08 32.2 H3 
*Compressor speed in which the MAC1R744 a/c system was tested 
**Compressor speed in which the MAC2R744 a/c system was tested  
***Test condition performed with the MAC2R744 a/c system only 
 
Three compressor speeds of 950, 1800, and 3000 rpm were used to represent idling, medium, and high 
speed driving operation, respectively.  Test conditions were categorized according to the compressor speed, where 
idling tests are labeled as “I#”, medium-speed tests are labeled as “M#”, and high-speed tests are labeled as “H#”.  
The only exception to this convention was the H3 test condition.  The maximum compressor speed obtainable for 
the MAC2R744 system at the H3 condition was 2400 rpm.  Above 2400 rpm the compressor motor would shutdown 
due to overloading.  In table 4-5, asterisks indicate the compressor speed each system was tested at the H3 test 
condition. 
Gas cooler air flow rate is related to compressor speed for all tests except for the I6FV test condition.  From 
Table 4-1 it can be seen that the evaporators have similar free flow cross-sectional areas.  Therefore, similar air flow 
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rates correspond to similar face velocities for both evaporators.   However, this is not true for the gas coolers.  The 
MAC2R744 gas cooler has a 10% larger free flow cross-sectional area than the MAC1R744 gas cooler.  As a result, 
similar air flow rates across the gas coolers relate to lower face velocities for the MAC2R744 gas cooler.  The I6FV 
test condition was added to the test matrix to investigate the effect of running the MAC2R744 heat exchangers at the 
same face velocities as the MAC1R744 system at the I6 condition.  The three asterisks next to the I6FV test 
condition in the test matrix indicates the test was run with the MAC2R744 system exclusively.  All other conditions 
in the test matrix were conducted at the same air flow rates as the MAC1R744 tests.  
Additional tests were conducted in order to verify heat exchanger models.  These tests are not included in 
the test matrix, but instead will be described in the theses of Ryan Murphy and Sumin Song.   
4.4 Experimental Results 
Results presented in this section facilitate comparisons between the two mobile CO2 a/c systems described 
in this chapter: the MAC1R744 and MAC2R744 systems.  A complete set of results for the two systems, according 
to the tests described in the test matrix, are provided in Appendix C.  The comparisons indicate that the second-
generation system has higher system COP and evaporator capacity than the first-generation system at similar 
operating conditions.  In order to determine the source of these improvements, an analysis is shown to quantify the 
performance gain from the compressor and from the rest of the system elements.  Other comparisons in this section 
illustrate component performance for the purpose of validating component models.   
4.4.1 Compressors 
For both the MAC1R744 and MAC2R744 systems, compressor isentropic and volumetric efficiencies as 
functions of pressure ratio are shown in Figures 10 and 11, respectively.  The MAC2R744 compressor was at 
maximum displacement for the data shown in these two figures.  Data for each system is categorized by a specific 
compressor speed or range to show the effect of compressor speed on efficiency.  The entire set of efficiency data 
for each compressor was curve fit and the resulting equations and R2 values are shown in the plots.  The relatively 
low R2 values for each set of data indicate significant variations in the data sets.  For this reason it was not possible 
to identify trends between compressor efficiency and compressor speed.  However, the plots show that the isentropic 
and volumetric efficiency for the MAC2R744 compressor was greater than the MAC1R744 compressor at similar 
pressure ratios.   
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y = -0.0387x + 0.9007
R2 = 0.6467
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MAC2R744, 1200 - 1500 rpm




Figure 4-3 Isentropic efficiency as a function of pressure ratio for MAC1R744 and MAC2R744 compressors. 
y = -0.0854x + 1.0631
R2 = 0.8765
y = -0.0969x + 1.0163
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Figure 4-4 Volumetric efficiency as a function of pressure ratio for MAC1R744 and MAC2R744 compressors. 
Using equations provided from the curve fits, isentropic and volumetric efficiencies were calculated for the 
two compressors at pressure ratios of 2 and 3.5.  The results of these calculations show that the MAC2R744 
compressor had a 12.3 – 14.2% higher isentropic efficiency and an 8.5 – 12.9% higher volumetric efficiency than 
the MAC1R744 compressor over the pressure ratio range of 2 to 3.5. 
4.4.2 Evaporators 
Figures 4-5 and 4-6 show the measured air pressure drop across the MAC1R744 and MAC2R744 
evaporators as functions of face velocity and mass flow rate of air.  The plots include data for dry coils and different 
relative humidity.  For dry coil tests the plots show that the MAC2R744 evaporator had less pressure drop than the 
MAC1R744 evaporator at similar face velocities and mass flow rates.  This trend is also true at 40% relative 
humidity conditions where the MAC2R744 evaporator experienced the same pressure drop as the MAC1R744 
evaporator at higher face velocities and mass flow rates.  At 50% relative humidity there are no obvious trends since 
these conditions were only tested around a single face velocity/mass flow rate, which was different for each 
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evaporator.  These data for air-side pressure drop will be used to validate the air pressure drop models for both the 
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Figure 4-5 Effect of face velocity on air pressure drop across MAC1R744 and MAC2R744 evaporators at 









0 50 100 150 200 250












MAC2R744 - dry coil
MAC2R744 - 40% RH
MAC2R744 - 50% RH
MAC1R744 - dry coil
MAC1R744 - 40% RH
MAC1R744 - 50% RH
 
Figure 4-6 Effect of air mass flow rate on air pressure drop across MAC1R744 and MAC2R744 evaporators at 
various relative humidity. 
Refrigerant pressure drop for the evaporators are shown as a function of refrigerant mass flow rate in 
Figure 4-7.  The MAC2R744 evaporator experienced less refrigerant pressure drop than the MAC1R744 evaporator 
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Figure 4-7 MAC1R744 and MAC2R744 evaporator refrigerant pressure drop as a function of refrigerant mass 
flow rate. 
4.4.3 Gas Coolers 
Figures 4-8 and 4-9 show the measured air pressure drop across the MAC1R744 and MAC2R744 gas 
coolers as functions of face velocity and mass flow rate of air.  As a function of face velocity, air pressure drop 
across the gas coolers are nearly identical.  However, as a function of air mass flow rate the MAC1R744 gas cooler 
has less pressure drop than the MAC2R744 gas cooler.  These data will be used to validate the air pressure drop 
models for both the MAC1R744 and MAC2R744 gas coolers. 
Refrigerant pressure drop for the gas coolers are shown as a function of refrigerant mass flow rate in Figure 
4-10, respectively.  At similar refrigerant mass flow rates the MAC2R744 gas cooler experienced less refrigerant 
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Figure 4-10 MAC1R744 and MAC2R744 gas cooler refrigerant pressure drop as a function of refrigerant mass 
flow rate. 
4.4.4 Additional System Elements 
Figure 4-11 and 4-12 present the pressure drop in the suction line and for the low-side of the SLHX, 
respectively.  Both pressure drops are shown to be greater for the MAC1R744 system at similar refrigerant mass 
flow rates.  The pressure drop results shown for the MAC1R744 SLHX were obtained from a curve-fit analysis 
performed by Boewe, 1999.  On the other hand, results shown for the MAC2R744 SLHX were obtained from actual 
pressure measurements acquired during steady-state tests.  For additional information on the suction line heat 
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Figure 4-12 Pressure drop across the low-side of the MAC1R744 and MAC2R744 suction line heat exchangers. 
4.4.5 System Performance 
In a previous research project, tests were conducted for the MAC1R744 system.  The test conditions listed 
in the test matrix, shown in Table 4-5, were included in these experiments.  Boewe et al., 1999, presented a complete 
summary of the test results for the MAC1R744 system.  For each condition tested with the MAC1R744 system, tests 
were performed at a range of high-side pressures through regulation of the expansion valve.  The result was a curve 
of COP versus high-side pressure for each condition, where a maximum COP existed at a specific pressure.  Park et 
al., 1999, explained this control strategy for transcritical R744 a/c systems.  There were two main objectives of the 
tests conducted with the MAC2R744 a/c system: compare MAC2R744 and MAC1R744 system performance at the 
same test conditions, and compare MAC2R744 and MAC1R744 system efficiency (COP) at the same test 
conditions, evaporator capacity, and high-side pressures.   
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Tests conducted with the MAC2R744 system according to the exact test conditions specified in Table 4-5 
are denoted with an “A”.  These tests were conducted in a similar fashion as the MAC1R744 tests, where the 
objective was to find the maximum COP for each test condition.  Refrigerant pressure at the gas cooler exit (Pcro) 
was varied until the maximum COP was reached for each condition.   
For all COP maximization tests conducted with the MAC2R744 system (“A” tests), with the exception of 
the tests performed at the I6 condition, only a limited range of data was obtainable.  For these conditions, high-side 
pressure was limited by evaporator-refrigerant temperature.  As high-side pressure was increased, refrigerant in the 
evaporator approached subzero temperatures and frost eventually began to form on the surface of the evaporator.  
This occurred before a complete range of high-side pressure was tested.  Due to the transient nature of frost 
formation, data were not collected at these conditions.  Therefore, the maximum COP was considered the point 
where the highest COP was achieved before evaporator frosting occurred. 
The I6FV test was added to the test matrix to investigate the influence of conducting tests at the same gas 
cooler face velocity as the MAC1R744 system rather than the same air flow rate.  All other test conditions were 
tested at the same air flow rate as the MAC1R744 system.  Once the last I6-A test was conducted, air flow rate 
across the gas cooler was increased until the face velocity experienced with the MAC1R744 gas cooler at the I6 test 
condition was reached.  At the I6 test condition, the air flow rate and face velocity experienced by the MAC1R744 
gas cooler were approximately 22.7 m3/min and 2.90 m/s, respectively.  A comparison of the results for these two 
tests is shown in Table 4-6.  The results show no significant impact of conducting the tests on the MAC2R744 gas 
cooler at similar air flow rates as the MAC1R744 system instead of the same face velocities.  Evaporator capacity 
(Qevap), Gas cooler capacity (Qgc), COP, high-side pressure, and refrigerant mass flow rate were similar for both 
tests. 
Table 4-6 Comparison between conducting MAC2R744 tests at MAC1R774 gas cooler air flow rates and 
MAC1R744 face velocities. 
Test 
















I6 MAC2R744 A 22.8 2.68 1.65 4.58 6.72 13050 33.7 
I6_FV MAC2R744 - 24.9 2.92 1.64 4.57 6.68 13050 33.4 
 
Variations of the “A” tests were performed to compare the system efficiency of the MAC1R744 and 
MAC2R744 systems at the same test condition, evaporator capacity and/or high-side pressure.  At each test 
condition, the evaporator capacity and high-side pressure that resulted in the maximum COP for the MAC1R744 
system were matched by the MAC2R744 system.  Matching the desired MAC1R744 evaporator capacity and high-
side pressure was accomplished with the MAC2R744 system by regulating compressor speed and the expansion 
valve.  Three variations of the “A” tests were conducted and are denoted “B”, “C”, and “D”.   
“B” tests matched MAC1R744 evaporator capacity and gas cooler outlet refrigerant pressure with the 
MAC2R744 system.  For these tests, refrigerant at the exit of the evaporator was kept at a two-phase state.  Once 
this test was completed, compressor speed was held constant and additional tests were run at various high-side 
pressures until a maximum COP was located.  “C” tests were run in exactly the same way as the “B” tests, except 
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refrigerant quality at the evaporator exit was slightly increased, but maintained to be less than 1.  Quality at the exit 
of the evaporator was controlled by adjusting the needle valve on the liquid line exiting from the accumulator.  
Decreasing the oil/refrigerant flow through the valve increased the quality at the exit of the evaporator.  The reason 
for conducting both the “B” and “C” tests was to investigate the influence of exit quality on system performance.   
For the I6 test condition, neither the “B” nor the “C” tests were run with the MAC2R744 system.  While 
attempting to run these tests at the I6 condition, the minimum compressor speed allowable by the manufacturer was 
reached well before the evaporator capacity and high-side pressure were matched.  Therefore, only evaporator 
capacity was matched and the tests were run at various, reduced high-side pressures.  These tests are designated “D”.   
Figures 4-13 – 4-16 show the results obtained from both systems for COP and evaporator capacity as 
functions of high-side pressure for the I17, M3, H3, and I6 test conditions, respectively.  Results of the COP 
maximization tests for both systems are listed in Table 4-7.  Table 4-8 shows the results  of the “B”, “C”, and “D” 
tests at similar evaporator capacities and/or high-side pressures, which resulted in a maximum COP for the 
MAC1R744 system.   
Maximum COP achieved for each test is noted on the figures.  A trend evident in the figures is the 
maximum COP for the MAC2R744 system occurred at lower high-side pressures than the MAC1R744 system.  For 
transcritical R744 a/c systems, Park et al. showed that by increasing the length of a SLHX, high-side pressures 
corresponding to maximum COP were reduced.  In his study the same geometry for the SLHX was used and only 
length was varied, thus by increasing the length the effectiveness was improved.  Calculated heat transfer (QSLHX) 
and effectiveness (eSLHX) for the each respective SLHX are shown for each test in Tables 4-7 and 4-8.  The results 
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Figure 4-13 Evaporator capacity and COP for the MAC1R744 and MAC2R744 systems as functions of 
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Figure 4-14 Evaporator capacity and COP for the MAC1R744 and MAC2R744 systems as functions of 
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Figure 4-15 Evaporator capacity and COP for the MAC1R744 and MAC2R744 systems as functions of 
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Figure 4-16 Evaporator capacity and COP for the MAC1R744 and MAC2R744 systems as functions of 
refrigerant pressure at the gas cooler exit for the I6 test condition. 
Results shown in Table 4-7 indicate that the MAC2R744 system had a higher maximum COP and 
evaporator capacity (Qevap) than the MAC1R744 system for every condition tested.  The maximum COP achieved by 
the MAC2R744 system was 1.6 – 6.3% larger than the maximum attained with the MAC1R744 system.  In addition 
to the slight improvement on COP, the enhanced system displayed an 11 – 63% improvement in evaporator 
capacity.  This is particularly important at the I6 condition, where capacity is needed the most because of the 
extremely warm operating conditions and low compressor speed.  At the I6 test condition, MAC2R744 evaporator 
capacity and COP were 63% and 6.3% higher, respectively. 
Table 4-7 Maximum COP obtained for the MAC2R744 and MAC1R744 systems at identical operating 
conditions. 










MAC1R744 - 1.56 2.47 10.86 19.0 0.88 0.63 
I17 
MAC2R744 A 1.61 3.40 9.58 29.1 1.88 0.94 
MAC1R744 - 1.48 4.31 10.83 38.1 2.03 0.68 
M3 
MAC2R744 A 1.56 7.02 10.59 52.2 3.42 0.90 
MAC1R744 - 1.22 6.27 11.46 50.1 2.68 0.66 
H3 
MAC2R744 A 1.24 6.97 9.61 65.3 4.83 0.92 
MAC1R744 - 1.58 2.71 12.79 25.6 1.22 0.62 
I6 
MAC2R744 A 1.68 4.42 12.10 36.7 2.46 0.87 
 
Results in Table 4-8 indicate that the MAC2R744 system achieved a higher COP then the MAC1R744 
system at each test condition.  The greatest improvement in COP was a 75% increase at the M3-C test condition.  At 
the I17, H3, and I6 test conditions the largest increase in COP were  22, 57, and 23%, respectively.  The least gain in 
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COP was a 7% increase at the I17-C test condition.  Efficiency results from the first I6-D test at 10210 kPa are not 
considered since COP was not fully maximized at that high-side pressure.   
Refrigerant exit quality and the refrigerant temperatures at the inlet (Teri) and outlets (Tero, Tero1, Tero2, 
and Tero3) of the evaporator for the “B” and “C” tests are shown in Table 4-9.  Temperatures were measured at the 
four outlets of the MAC2R744 evaporator to investigate refrigerant distribution in the evaporator.  Refrigerant 
maldistribution was identified when some outlet temperatures were superheated, while others were not.  This 
indicated that some circuits received less liquid refrigerant than the others.  It was discovered that lowering the 
quality entering the evaporator counteracted refrigerant maldistribution.  Lowering inlet quality to the evaporator 
subsequently lowered exit quality.  This was achieved by allowing more refrigerant/oil flow through the needle 
valve at the exit of the suction accumulator.   
Table 4-8 COP obtained for the MAC2R744 system at similar high-side pressure and/or evaporator capacity as 
the MAC1R744 system. 
Test 













MAC1R744 - 2.47 10.86 1.56 19.0 1.58 0.67 1.06 0.88 0.63 
B 2.63 10.86 1.90 17.9 1.39 0.74 1.03 1.12 0.90 I17 
MAC2R744 
C 2.56 10.90 1.67 16.6 1.53 0.68 1.04 0.88 0.90 
MAC1R744 - 4.31 10.83 1.48 38.1 2.92 0.62 1.81 2.03 0.68 
B 4.10 10.86 2.54 28.9 1.61 0.79 1.27 1.61 0.85 M3 
MAC2R744 
C 3.97 10.85 2.59 27.3 1.53 0.79 1.21 1.30 0.85 
MAC1R744 - 6.27 11.46 1.22 50.1 5.15 0.66 3.40 2.68 0.66 
B 6.32 11.45 1.91 40.3 3.31 0.78 2.58 2.28 0.86 H3 
MAC2R744 
C 6.26 11.39 1.91 40.0 3.27 0.78 2.55 2.07 0.85 
MAC1R744 - 2.71 12.79 1.58 25.6 1.72 0.71 1.22 1.22 0.62 
2.68 10.21 1.67 36.0 1.60 0.84 1.34 2.37 0.88 
2.67 11.21 1.90 26.7 1.41 0.80 1.13 1.72 0.89 
I6 
MAC2R744 D 
2.71 11.75 1.95 24.2 1.39 0.80 1.11 1.48 0.89 
 
Data from Figures 4-13 – 4-16 and Table 4-9 illustrate that performance was affected by evaporator exit 
quality or maldistribution at idling conditions, such as I17.  At the I17 test condition, the “C” test resulted in a 12% 
lower COP than the corresponding “B” test.  The reason for this decrease in COP was refrigerant maldistribution at 
the I17-C test.  Three of the four evaporator circuits were not fed a sufficient amount of refrigerant, which resulted 
in superheated temperatures at three of the outlets .  Contrary to the I17-C test, the I17-B test displayed better 
refrigerant distribution because only one outlet temperature was superheated.  Results at the higher compressor 
speed tests, M3 and H3, show that refrigerant maldistribution was not as prevalent or influential as in the idling 
tests.  Higher exit qualities tested in the “C” tests only yielded two superheated outlet temperatures, as opposed to 
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the three seen in the I17-C test.  For these test conditions there was not a significant difference in COP between the 
“B” and “C” tests.   
Table 4-9 Effect of evaporator exit quality on MAC2R744 system performance. 
Test 















B 2.63 10.86 1.90 0.88 3.14 5.88 2.98 3.06 3.18 
I17 MAC2R744 
C 2.56 10.90 1.67 0.96 0.65 6.51 0.49 2.70 5.82 
B 4.10 10.86 2.54 0.91 10.45 10.99 10.23 10.31 10.28 
M3 MAC2R744 
C 3.97 10.85 2.59 0.97 10.16 13.76 10.02 12.59 10.07 
B 6.32 11.45 1.91 0.95 2.68 4.52 2.09 3.98 2.11 
H3 MAC2R744 
C 6.26 11.39 1.91 0.98 2.51 5.51 1.96 6.30 1.91 
 
Improvements in COP for the MAC2R744 system will be explored by examining the contribution from (1) 
the compressor and (2) the sum of contributions from all other system components, which include the evaporator, 
gas cooler, and SLHX.  These improvements may also incorporate the effects of lower refrigerant pressure drops 
caused by reductions in line lengths between components and increased pipe diameters.  These modifications are 
especially influential on the suction line, where refrigerant pressure drop directly affects evaporator capacity.   





COP =   (4.1) 







=  (4.2) 
Where W isen is the isentropic work of compression and hisen is the isentropic efficiency. 
The percentage increase in COP of the MAC2R744 system as compared to the MAC1R744 system can 








































































































































































From equation 4.5, with similar evaporator capacities, the increase in COP can be attributed to two ratios: 
the ratio of the isentropic efficiencies, and the ratio of isentropic work.  Improvements stemming from a superior 
compressor are associated with the ratio of isentropic efficiencies, while improvements from the other system 
elements are gauged by the ratio of isentropic work.   
To demonstrate this procedure for determining the contributions to increased COP, equation 4.5 will be 
applied to the MAC2R744 H3-C and MAC1R744 H3 test results shown in Table 4-8.  Evaporator capacities were 
within 1% for the MAC1R744 and MAC2R744 systems and COP was 56.6% higher for the enhanced system.  
Solving equation 4.5 using the data in Table 6, the ratios of isentropic efficiencies and isentropic work for the two 
systems yields the percentage increase of 57.57%, shown explicitly in equation 4.6.  






































The minor differences between the result of equation 4.6 and the actual result are linked to round off errors 
in the tabular results and the slightly lower evaporator capacity for the MAC2R744 system.  From the results shown 
in equation 4.6, the MAC2R744 compressor performed approximately 18.2% better than the MAC1R744 
compressor at the H3 test condition.  The ratio of isentropic work indicates that the MAC2R744 system elements 
performed approximately 33.3% better than the MAC1R744 system elements at the H3 test condition.  
Data from the MAC2R744 H3-C and MAC1R744 H3 tests at a similar evaporator capacity and high-side 
pressure are overlaid on the T-h and P-h plots shown in Figures 4-17 and 4-18, respectively.  State points before and 
after each comp onent in the two systems are shown.  Various lines of constant temperature and pressure are shown 
on the T-h and P-h plots, respectively.  Refrigerant mass flow rate and high-side pressure (Pcro) for each system are 
shown on the plots.  In addition, air temperature profiles for each heat exchanger are displayed for both systems in 
Figure 4-17.  Appendix C contains T-h and P-h plots for all conditions tested with the MAC2R744 system.   
Due to the improved system elements, the second-generation system required 20% less refrigerant mass 
flow rate in order to provide a similar evaporator capacity.  Approach temperature difference for the MAC1R744 
and MAC2R744 gas coolers (Tapp,gc) were 7.19
oC and 1.65oC, respectively.  The smaller approach temperature for 
the MAC2R744 gas cooler was due to a lower refrigerant mass flow rate and greater heat transfer area. 
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Figure 4-17 T-h plot with component state points overlaid for the MAC1R744 and MAC2R744 systems at the 
H3 test condition. 
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Figure 4-18 P-h plot with component state points overlaid for the MAC1R744 and MAC2R744 systems at the 
H3 test condition. 
4.5 Conclusion 
Preceding sections of this chapter have described: the systems considered, test matrix, and performance 
results for the considered systems.  Systems considered in this analysis were a first-generation (MAC1R744) and 
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second-generation (MAC2R744) transcritical R744 mobile a/c systems.  The purpose of comparing these two 
systems was to investigate the performance enhancement of newly developed R744 mobile a/c components.  Results 
of the tests conducted on the second-generation system prove that significant performance gains are possible for 
transcritical R744 mobile a/c systems. 
Evaporator capacity and system efficiency (COP) for the MAC2R744 system displayed better performance 
than its predecessor the MAC1R744 system.  Results at similar operating conditions showed that the second-
generation system had significantly greater evaporator capacity (11 – 63%) and slightly greater COP (1.6 – 6.3%) 
than the MAC1R744 system.  Tests performed at similar operating conditions, evaporator capacities, and high-side 
pressures showed the MAC2R744 system to have (7 – 75%) higher system efficiencies than the MAC1R744 system.   
The most significant improvement displayed by the s econd-generation system was at the I6 test condition.  
As can be seen in the test matrix (Table 4-5), I6 was the most extreme condition tested, where the ambient and 
indoor temperatures were 54.4oC and 32.2o C, respectively.  Compared to the MAC1R744 system at identical 
operating conditions at the I6 test condition (MAC2R744 “A” tests), MAC2R744 evaporator capacity and COP were 
63% and 6.3% greater, respectively.  At similar evaporator capacities for the I6 condition, COP achieved by the 
MAC2R744 system was 23.4% higher.  These results demonstrate that the second-generation system is capable of 
providing increased evaporator capacity and system efficiency when they are needed most. 
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Chapter 5: Performance Comparison of First-Generation  
and Second-Generation Transcritical R744 Mobile Heat Pump Systems 
5.1 Introduction 
The objective of this chapter is to compare two prototype mobile R744 heat pump systems constructed and 
examined in the laboratories at the Air Conditioning and Refrigeration Center at the University of Illinois.  The two 
systems compared were a first-generation system (denoted MHP1R744) and a second-generation system (denoted 
MHP2R744) with enhanced components.  Components used in the first-generation heat pump system were sized for 
a compact car, while the second-generation components were sized with a mid-size or sport utility vehicle in mind.  
Heat exchangers used in the first-generation system were designed exclusively for air-conditioning operation in a 
transcritical CO2 mobile system.  With heat pump operation in mind, the second-generation heat exchangers were 
designed to accommodate both air-conditioning and heat pump operation with transcritical CO2.  This adaptability 
was made possible by implementing new heat exchanger designs.   
Results of tests conducted on the two systems show that substantial progress has been made in the design 
and resulting performance of transcritical R744 mobile heat pump systems.  An analysis of experimental results 
revealed that the second-generation system was slightly less efficient than the first-generation system, but produced 
considerably higher heating capacities.  Compared to results obtained with the first-generation system at the same 
operating conditions, the second-generation system displayed 12% lower heating performance factors, but 31 – 47% 
higher heating capacities.  Despite the fact that increased heating capacities came at the price of slightly lower 
heating performance factors (HPF), the second-generation system was able to provide much warmer air at the same 
test conditions.  At ambient and cabin temperatures of -10oC, air exiting the second-generation gas cooler was 
31.5o C compared to 17.8oC produced by the first-generation system. 
5.2 System Components 
Table 5-1 lists the specifications and dimensions of the components used in each of the heat pump systems.   
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Table 5-1 Component specifications and dimensions for the two heat pump systems considered. 
Refrigerant R744 R744 
Type Heat Pump Heat Pump System 
Name MHP1R744 MHP2R744 
Type Reciprocating Reciprocating 




Mass [kg] 4.75 13.89 
Expansion device Back-pressure valve (manual control) Manual expansion valve 
Description 
Microchannel, brazed Al 
tubes, 1 slab, 
3 pass (10-11-13) 
parallel flow 
Al Microchannel tubes, 
brazed, 2 inlets/2 outlets, 
3 slabs, 1 pass, 
cross-counter flow 
Mass [kg] 2.3 
3.28 
(3.14*) 
Face area [cm2] 53.0 x 36.8 = 1950 60.8 x 34.9 = 2122 
Core depth [cm] 1.65 2.03 
Core volume [cm3] 3320 4308 












Refrigerant side surface area [m 2] 0.49 0.53 
Description 
Microchannel, brazed Al 
tubes, 2 slabs, 7 pass, 
1st slab (8-7-6), 2nd slab 
(7-5-5-4) 
cross-counter flow 
Microchannel brazed Al 
tubes, 4 inlets/4outlets, 
24 pass, 2 slabs, cross-
counter flow 
Mass [kg] 2.2 
2.51 
(2.33*) 
Face area [cm2] 18.2 x 22.4 = 408 24.4 x 17.6 = 430 
Core depth [cm] 9.1 8.5 
Core volume [cm3] 3713 3655 












Refrigerant side surface area [m 2] 0.66 0.92 
Description 
Brazed microchannel 
tubes, counter flow 
arrangement 
Brazed microchannel 
tubes, counter flow 
arrangement 








Length [mm] 318 444 
*Approximate mass without header connections. 
 
As previously mentioned, the components of the MHP1R744 system were sized for a compact car, while 
the components used in the MHP2R744 system were designed with a larger mid sized or sports utility vehicle in 
mind.  The difference in size can be illustrated by comparing heat exchanger core volumes.  From Table 5-1, it can 
be seen that the gas cooler and evaporator used in the second-generation system were 5% and 30% larger in core 
volume than their respective counterparts used in the first-generation system.  Additionally, the internal or suction 
line heat exchanger (IHX or SLHX) used in the MHP2R744 system was 40% longer than the one used in the 
MHP1R744 system.  A detailed description of the evaporators and gas coolers used in each system is shown in 
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Table 5-2.  Evaporators, gas coolers, and suction line heat exchangers used in each system are pictured in Figures 5-
1, 5-2, and 5-3, respectively.   
Table 5-2 Detailed description of the MHP1R744 and MHP2R744 heat exchangers. 
System MHP1R744 MHP2R744 MHP1R744 MHP2R744 
Heat Exchanger Evaporator Gas Cooler 






Face Area [cm2] 1950 2122 408 430 
Core Depth [cm] 1.65 2.03 9.1 8.5 
Core Volume [cm3] 3320 4307 3710 3655 
Air-Side Surface Area [m2] 5.2 7.1 4.2 4.4 
Free Flow Cross-Sectional Area [m2] 0.1467 0.1617 0.0311 0.0315 
Refrigerant-Side Surface Area [m2] 0.49 0.53 0.67 0.92 
Number of Ports  11 4 35 17 
Port Diameter [mm] 0.79 0.635 0.787 1.092 
Fin Pitch [mm] 1.16 1.16 1.49 1.49 
Fin Thickness [mm] 0.1 0.1 0.1 0.1 
Fin Density [fins/inch] 22 22 17 17 
Louver angle [o] 23 27 30 27 
Louver pitch [mm] 0.99 1.06 1.55 1.40 
*Approximate mass without header connections. 
 
System components and the relative location of instrumentation for the MHP1R744 and MHP2R744 
systems are shown schematically in Figures 5-4 and 5-5, respectively.  Tube lengths and diameters used to connect 
components are shown in Table 5-3 for both systems.  Tube lengths were kept as short as possible, but there were 
limitations of how short the lines could be due to the location of the heat exchangers in the environmental chambers.   
 
Figure 5-1 Gas coolers used for the MHP1R744 and MHP2R744 systems. 
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Figure 5-2 Evaporators used for the MHP1R744 and MHP2R744 systems. 
 
 







































































Figure 5-5 Schematic of the MHP2R744 system components and instrumentation. 
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Table 5-31 Lengths and diameters of the tubes used for the MHP1R744 and MHP2R744 systems. 





MHP1 1730 9.5 7.1 
Compressoroutlet – Gas Coolerinlet 
MHP2 3820 12.7 10.2 
MHP1 2180 9.5 7.1 
Gas cooleroutlet - SLHXinlet 
MHP2 3220 9.5 7.1 
MHP1 1020 9.5 7.1 
SLHXoutlet – Expansion Deviceinlet 
MHP2 900 9.5 7.1 
MHP1 2110 9.5 7.1 
Expansion Deviceoutlet – Evaporatorinlet 
MHP2 1750 9.5 7.1 
MHP1 2210 9.5 7.1 
Evaporatoroutlet – Accumulatorinlet 
MHP2 4660 12.7 10.2 
MHP1 1700 9.5 7.1 
Accumulatorvapor,outlet – SLHXinlet 
MHP2 1230 12.7 10.2 
MHP1 840 9.5 7.1 
Accumulatorliquid,outlet – SLHXinlet 
MHP2 840 9.5 7.1 
MHP1 1930 9.5 7.1 
SLHXoutlet – Compressorinlet 
MHP2 750 12.7 10.2 
 
5.3 Test Matrix 
The test matrix developed for the MHP1 and MHP2R744 systems is shown in Table 5-4.  Outdoor air 
temperatures ranged from –20oC to 20oC, while indoor air temperatures ranged from –10o C to 20oC.  Further 
reduction of air temperature in the indoor chamber was limited by the chiller capacity.  All tests presented in the test 
matrix were conducted at dry conditions in both chambers to prevent transient conditions associated with frost 
formation.  Chilled glycol was circuited to both chambers to remove heat and dehumidify the air, even though it was 
not necessarily needed for heat absorption in the outdoor chamber.  Evaporator and gas cooler air-side pressure 
drops were closely monitored to ensure that frost was not forming on the heat exchangers. 
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Gas cooler Coil 
Compressor 
Speed 





















9.2 -10 HP-RX 
600 26.9 
0 7.1 10 HP-R7 
-20 7.1 -10 HP-L0 








10 HP-L7 0 7.1 
20 HP-L8 





9.2 10 HP-L12 
26.9 
20 7.1 20 HP-L13 
34.0 10 7.1 10 HP-L14 
35.4 10 7.1 10 HP-L15 
950 
39.6 10 7.1 10 HP-L16 
 
Tests performed with the MHP1R744 system are indicated by bold face font, while shaded test conditions 
were conducted with the MHP2R744 system.  Conditions that are both bold and shaded were run by both systems.  
Tests are labeled HP-R# or HP-L#, where HP indicates that tests were conducted for heat pump operation and L and 
R indicate compressor speeds of 950 and 600 rpm, respectively.  Compressor speeds of 950 rpm are representative 
of speeds at idling conditions.  Tests at 600 rpm were conducted to investigate the effect of reducing compressor 
speed on system performance, as will be explained in the following sections.  Each of the reduced speed tests (HP-
R#) corresponds to a low-speed test (i.e. HP-R1 and HP-L1), with the exception of the HP-RX test. 
5.4 Experimental Results 
5.4.1 Behavior of a Transcritical R744 Mobile Heat Pump System 
Various tests were performed with the MHP1R744 system to characterize the performance and behavior of 
the heat pump system over a range of test conditions.  The objectives of these tests were to: investigate a possible 
control strategy, characterize system performance at various operating conditions, and illustrate that air exiting the 
indoor coil was comfortable and warm even at the coldest operating temperatures. 
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Park et al. (1999) has shown that the maximum COP could be obtained for a transcritical R744 mobile a/c 
system by regulating high-side pressure.  These results defined the relationship between maximum COP and high-
side pressure for the first transcritical R744 mobile a/c system (MAC1R744 system) tested at the ACRC.  This group 
also demonstrated that coil capacity could be controlled using this  strategy.  Tests were conducted on the 
MHP1R744 system to verify this strategy could be used to maximize HPF for transcritical R744 heat pumps.  HPF 
is the heating performance factor derived from the quotient: heating capacity divided by compressor shaft work.  
Figure 5-6 shows the results of HPF and heating capacity for a range of high-side pressures.  As can be seen, a 
maximum HPF exists for each test condition at a particular high-side pressure. 
Figures 5-7 and 5-8 show the effect of indoor air temperature on HPF and heating capacity for various 
ambient temperatures.  Results shown in Figure 5-7 are from tests that yielded the maximum HPF, while Figure 5-8 
displays the results from tests where the maximum heating capacity was obtained.  An important trend illustrated by 
the plots is for constant ambient temperature, HPF and heating capacity are the greatest for conditions with the 
coldest indoor air temperature.  This trend is significant because these are the conditions in which the highest HPF 
and heating capacity are most needed to ensure quick vehicle warm up.   
An important factor in passenger comfort is the temperature of the air exiting the cooling or heating coil.  
Typical vehicles rely on waste heat from the engine as the source of compartment heating.  Therefore, at the startup 
of these vehicles, no heat is available to the cabin until the engine has warmed up sufficiently.  For the passenger(s) 
in the vehicle this may be a costly waste of time and an uncomfortable waiting period.  However with a heat pump 
system, warm air can be provided to the cabin as soon as the system is activated.  This is demonstrated in Figure 5-9, 
where the effect of ambient temperature on the air temperature entering the compartment is shown for various 
indoor air temperatures.  Even at the worst condition, –10oC indoor air temperature and –20oC outdoor temperature, 
the air exiting the indoor coil is relatively warm (~7oC).   
It was discovered, from the tests conducted for the MHP1R744 system, that many of the tests had low 
refrigerant qualities at the evaporator exit.  Initially it was assumed this behavior was a consequence the compressor 
being oversized for the system.  In order to validate this theory, tests were conducted at operating conditions 
previously tested, but at a reduced compressor speed of 600 rpm.  The reduced speed tests performed were HP-R3 
and HP-R7, which correspond to HP-L3 and HP-L7 (as shown in Table 5-4), respectively.  An additional test at the 
HP-R3 condition was conducted to determine if liquid/oil mass flow rate (Ml) from the accumulator influenced 
evaporator exit quality.  Figures 5-10 and 5-11 present the results of these comparisons in T-h plots and tables that 
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Figure 5-6 HPF maximization and corresponding heating capacities at a range of high-side pressure for various 
test conditions.   
Illustrated by Figure 5-10, evaporator exit quality was not significantly influenced by decreasing 
compressor speed from 950 rpm (HP-L3 test condition) to 600 rpm (HP-R3 test condition).  The reason for this 
minimal change in exit quality is that the percentage of liquid/oil flow rate (Ml) to total mass flow rate (Mr) did not 
decrease with a decrease in compressor speed.  The liquid/oil mass flow rate was 41% of the total flow rate for the 
HP-R3 condition compared to only 33% of the total flow rate for the L3 test condition.  The HP-R3 NLR (No Liquid 
Return) test was conducted to demonstrate this effect.  For this test, the valve regulating liquid/oil flow was 
completely closed and the exit quality that resulted was 0.82 as compared to 0.66 in the HP-L3 test.  Although 
results shown in Figure 5-11 seem to indicate that compressor speed did have an influence on exit quality, the 
significant reduction in liquid/oil flow rate (from 31% to 24% of the total flow rate) is what most likely caused the 
exit quality to increase.   
The results of these tests illustrate that low exit qualities at the evaporator exit were produced by relatively 
high liquid/oil flow rates as compared to the total mass flow rate (Mr), not necessarily an oversized compressor.  
However, lower exit qualities should not be considered a threat to compressor or system performance providing a 
sufficiently sized SLHX is implemented into the system.  As shown by the results for the indoor coil, the system 
attained the highest heating capacities (Qgc), HPFs, and air exit temperatures (Ten) at the lowest evaporator exit 
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Figure 5-7 Effect of indoor air temperature on system performance for various ambient temperatures using 
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Figure 5-8 Effect of indoor air temperature on system performance for various ambient temperatures using 
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Figure 5-9 Effect of ambient temperature on the temperature of the air exiting the MHP1R744 gas cooler for 
various cabin temperatures.   
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Figure 5-10 T-h plot overlaying data from the HP-L3 and HP-R3 tests conducted with the MHP1R744 system 
(left) and corresponding results table (right). 
Test 





11.7 6.8 6.1 
Ml 
[g/s] 3.90 2.81 0.03 
xout 0.66 0.67 0.82 
Qgc 
[kW] 3.40 2.21 1.99 
Qevap 
[kW] 2.04 1.19 1.22 
HPF 3.06 3.02 2.72 
Ten 
[oC] 24.6 15.3 14.3 
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Figure 5-11 T-h plot overlaying data from the HP-L7 and HP-R7 tests conducted with the MHP1R744 system 
(left) and corresponding results table (right). 
5.4.2 System Comparisons 
Many of the results for the MHP1R744 system were presented in the previous section.  However, a 
summary of all results for both systems at each condition tested is located in Appendix C.  As can be seen from the 
test matrix (Table 5-4), fewer test conditions were run with the MHP2R744 system.  The objective of the tests 
performed on the second-generation system was to obtain performance results at similar test conditions as run with 
the first-generation system, in order to facilitate comparisons between the systems.  As a result, only a few tests 
were required to accomplish this objective. 
Compressors used in both systems are compared in Figure 5-12, where isentropic and volumetric 
efficiencies for each compressor used are plotted against corresponding pressure ratios.  The original MHP1R744 
compressor began leaking refrigerant and oil through the shaft seal during testing on May 15, 2000.  A second R744 
compressor, with the same specifications as the first, was used to replace the damaged compressor.  Efficiencies for 
both MHP1R744 compressors are shown in the Figure.  The original compressor used in the MHP1R744 system had 
similar isentropic and volumetric efficiencies as the MHP2R744 compressor.  Results for the second compressor 
used in the MHP1R744 system, indicate that it was slightly less efficient than the original compressor and the 
MHP2R744 compressor.   





[g/s] 5.7 2.4 
xout 0.58 0.75 
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Figure 5-12 Isentropic and volumetric efficiencies for the compressors used in the MHP1R744 and MHP2R744 
experiments. 
Results of the tests in which both systems were tested are presented in Table 5-5.  The results of these 
comparative tests are shown in a side-by-side fashion in the Table.  For the MHP1R744 system, results presented 
correspond to the tests that produced the HPF maximum obtained for each test condition.  Due to time constraints, 
HPF maximization tests were not conducted on the MHP2R744 system.  Instead only one test was conducted at 
every test condition, unless discrepancies in system balances or measurements required the test to be repeated.   


























4.03 -8.1 31.5 7660 






3.67 -0.2 36.9 7780 






4.46 0.1 43.6 7810 






3.33 20.4 54.5 7810 
 
Data from the comparative tests are also shown graphically in Figures 5-13 and 5-14.  Figure 5-13 
illustrates the influence of indoor air temperature on HPF and heating capacity at various ambient temperatures.  The 
effect of ambient temperature on air temperature exiting the indoor coil for a range of indoor temperatures is shown 
in Figure 5-14.  The second-generation system displayed a lower HPF than the first-generation system in every test 
except HP-L2.  The largest difference in HPFs achieved by the systems was at the HP-L6 condition, where HPF was 
12% less for the MHP2R744 system.  Regardless of the lower HPFs, heating capacity (Qgc) was 31% to 47% higher 
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for the MHP2R744 system.  With higher heating capacities, the air exiting the indoor coil (Ten) was much warmer 
for the MHP2R744 system than with the MHP1R744 system at the same conditions, as is illustrated in Figure 5-14.  
This is most important at the HP-L2 condition where the indoor and outdoor air temperatures were both –10oC.  At 
this condition, the air exiting the indoor coil was 31.5oC for the MHP2R744 system as compared to only 17.8o C for 
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Figure 5-13 Effect of indoor air temperature on HPF and heating capacity for MHP1R744 and MHP2R744 tests 
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Figure 5-14 Effect of ambient temperature on the temperature of the air exiting the MHP1R744 and MHP2R744 
gas coolers for various cabin temperatures.   
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5.5 Conclusion 
In this chapter two transcritical mobile R744 heat pump systems have been compared.  The two systems 
considered were a first-generation system (MHP1R744) designed specifically for a/c operation and a second-
generation system (MHP2R744) designed for both a/c and heat pump operation.  Components used in the 
MHP1R744 system were sized for a compact car, while components used in the MHP2R744 system were sized for a 
mid-sized car or sports utility vehicle.  Gas coolers were similarly sized, but the MHP2R744 evaporator was 30% 
larger in core volume than the MHP1R744 gas cooler.  The SLHX used in the MHP2R744 system was also 40% 
larger then the SLHX used in the MHP1R744 system.  
Results from tests performed on the first-generation system were used to characterize the performance of 
transcritical R744 mobile heat pump systems over a wide range of operating conditions.  It was shown that heating 
performance factor (HPF) could be maximized for a given operating condition through the regulation of high-side 
pressure.  These findings were analogous with control strategies presented by Park et al. (1999) for transcritical 
R744 mobile a/c systems.  For simulated warm up conditions run at various ambient temperatures, it was 
demonstrated that the highest HPF and heating capacity were achieved at the lowest cabin temperatures.  This result 
is significant because the highest HPF and heating capacity are needed most at the coldest conditions to expedite 
cabin heating.  Additional results also indicated that air temperature at the outlet of the indoor coil was still 
relatively warm (~7oC) at an ambient temperature of –20o C and indoor temperature of –10oC.   
The second-generation heat pump system was tested at various test conditions also run with the first-
generation system.  These tests allowed for the system performance of the two systems to be compared.  Results 
from these tests showed that the slightly lower HPFs were achieved with the second-generation system.  Even 
though HPF for the larger system was up to 12% less than for the smaller system, heating capacities for the larger 
system were 31-47% higher than produced by the smaller system.  The significance of this increase in heating 
capacity was realized by comparing the temperature of air exiting each gas cooler at an extreme operating condition.  
At air temperatures of –10oC outside and inside the cabin, air temperature exiting the gas cooler was 31.5oC for the 
MHP2R744 system and just 17.8oC for the MHP1R744 system.   
The results presented emphasize the performance capabilities of transcritical R744 mobile heat pump 
systems.  An advantage transcritical R744 mobile systems have over conventional R134a a/c systems is that they 
can operate at relatively high efficiencies and capacities in heat pumping mo de.  This ability coupled with the 
environmental benefits of using R744 has made transcritical R744 mobile systems a viable option for the 
replacement for conventional R134a mobile systems.  
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Appendix A – System Instrumentation 
Instruments used to acquire data for the tests conducted in this project are described in this appendix.  
Instruments used in the determination of chamber balances are presented in Table A-1.  Table A-2 lists instruments 
used in the determination of air-side balances.  Instruments used in the determination of refrigerant-side balances are 
presented in Table A-3.  For each instrument the manufacturer, operating range, and accuracy are given.  A short 
description is also given for each instrument that indicates the system(s) the instrument was used, its location, and 
purpose. 
 
Table A-1 Instruments used in the determination of the chamber balances. 
Measurement Instrument Brand Description/Location Accuracy Range Systems 
Temperature Type T Welded Thermocouple Omega 
Inside and outside 
surface temperatures  








Omega Glycol inlet and outlet temperature 









Blower, heater, lights 
power into indoor 
chamber 






Blower, heater, lights 
power into outdoor 
chamber 















Micro Motion Glycol mass flow into cooling coil 
±0.10% ±(0.00453/ 
Flow Rate (kg/s))% 
Nominal 





weight Strain Gauge Omega 
Weight of condensate 
exiting evaporator ±0.10%FS 0 to 2.5 kg All 
Time Data Acquisition Hewlitt-Packard 
Time used to determine 
condensate flow rate 
from evaporator 
- - All 
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Table A-2 Instruments used in the determination of the air-side balances. 
Measurement Instrument Brand Description/Location Accuracy Range Systems 
Temperature Type T Welded Thermocouple Omega 
Inlet and outlet air 
temperatures for nozzle, 
evaporator, and 
condenser/gas cooler 




0 to 250 Pa 
MAC2R744 
MHP2R744 







Setra Pressure drop across outdoor heat exchanger ±0.17%FS 
0 to 1250 Pa MAC1R744 










0 to 620 Pa 
MAC1R744 
MAC2R744 





Pressure drop across 
outdoor wind tunnel 
cooler nozzle 
±0.17%FS 
0 to 1250 Pa 
MAC2HFC 
MHP1R744 
0 to 250 Pa MAC1R744 
0 to 620 Pa 
MAC2R744 




Setra Pressure drop across indoor wind tunnel nozzle ±0.17%FS 






Transducer Setra Barometric pressure ±0.05%FS 
80 to 110 
kPA All 




Air inlet and outlet on 







Strain Gauge Omega Weight of condensate 
exiting evaporator 
±0.10%FS 0 to 2.5 kg All 
Time Data Acquisition 
Hewlett-
Packard 
Time used to determine 
condensate flow rate - - All 
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Table A-3 Instrumentation used in the determination of refrigerant-side balances. 





Omega All refrigerant temperatures  1
oC or 0.75% above 






Compressor outlet, gas cooler outlet, 







Compressor inlet, evaporator outlet, 

































Micro Motion Refrigerant mass flow rate measured at gas cooler exit 
±0.10% ±(0.0015/ 
Flow Rate (kg/s))% 
Nominal 









Micro Motion Oil mass flow rate measured after the oil separator in R744 system  
±0.10% ±(0.00011/ 
Flow Rate (kg/s))% 
Nominal 











Micro Motion Oil mass flow rate measured after the accumulator in R744 system  
±0.10% ±(0.00017/ 
Flow Rate (kg/s))% 
Nominal 
0 to 0.0075 kg/s  
Maximum  










Torque measured at compressor 
shaft ±0.1%FS 
0 to 56.5 Nm, 










Appendix B – Data Reduction 
Data reduction was performed using EES (Klein & Alvarado, 2001) models developed for each system 
tested.  Data collected by the HP data acquisition was stored in an individual spreadsheet for each test conducted.  
The average value of each parameter over the period of testing was calculated and recorded in the spreadsheet.  All 
average values and their corresponding parameter names were than pasted into the respective EES model as inputs 
to the program.  The EES program was then run, which subsequently provided a solution sheet that included all 
inputs and outputs.   
Since four different systems were tested, an EES model was developed and used to reduce raw data for 
each system.  The models are similar in their structure, but differ slightly in the input and output parameters and 
method of calculating outputs.  Differences in the models depend on the system (air-conditioning or heat pump) and 
refrigerant used in the system.  Other differences in the EES models stem from updated methods that were 
implemented as the later systems were tested.   
An example of improvements made to later models was the use of EES’s BRINEPROP function.  This 
function can be used to determine the concentration and specific heat for ethylene glycol by inputting temperature 
and density.  Prior to employing the BRINEPROP function, glycol concentration was determined by measuring the 
specific gravity of glycol over a range of temperatures.  Then by using property tables for ethylene glycol at the 
specific concentration, a curve fit was developed that gave specific heat as a function of temperature.  However, 
water evaporation and additions of makeup glycol varied concentration over time.  To prevent inaccurate chamber 
balances glycol concentration was routinely verified and updated by the described method.  The addition of the 
BRINEPROP function to the EES models allowed for accurate values for specific heat to be used in each test 
conducted, regardless of variations in glycol concentration.   
The following subsections of this appendix contain the EES models used to reduce data obtained for each 
system tested.  Important inputs and outputs for each model are shown before the model in tabular form that 
includes a description of each parameter.  Commented portions of the models are enclosed by braces {} or quotation 
marks “”.  Code and comments for the MAC2HFC EES model is shown in the first subsection.  The second 
subsection gives the MAC2R744 EES model.  The third and final subsections present the EES models used to 
reduce data for the MHP1R744 and MHP2R744 system tests, respectively.  Data input to each model from the 
spreadsheet is shown at the end of each program under the “Excel Data” section.   
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B.1 MAC2HFC EES Model 
Table B-1 Input variables to the MAC2HFC EES data reduction model. 
Input  
Variable 
Units Description Input  
Variable 
Units Description 
A$ - Filename Tcai oC Air temperature at condenser inlet 
Clutch Volts Clutch engaged when >0 Tcic oC Condenser chamber inside ceiling temperature 
Deng g/cm3 Glycol density Tcif oC Condenser chamber inside floor temperature 
Denr  Refrigerant density Tciw oC Condenser chamber inside wall temperature 
DPca Pa Airside pressure drop across condenser Tcn1 
oC Air temperature at throat of first condenser nozzle 
DPcn Pa Airside pressure drop across condenser nozzles Tcn2 
oC Air temperature at throat of second condenser nozzle 
DPcr kPa Refrigerant pressure drop across condenser Tcoc 
oC Condenser chamber outside ceiling temperature 
DPea Pa Airside pressure drop across evaporator Tcof 
oC Condenser chamber outside floor temperature 
DPen Pa Airside pressure drop 
across evaporator nozzles 
Tcow oC Condenser chamber outside 
wall temperature 
DPer kPa Refrigerant pressure drop 
across evaporator 
Tcri oC Refrigerant temperature at 
condenser inlet 
Dslope lb/s Condensate rate Tcro oC Refrigerant temperature at condenser outlet 
ENN - Number of nozzles used in evaporator wind tunnel Teai 
oC Air temperature at evaporator inlet 
Fc in-lb Compressor torque Teao oC Air temperature at evaporator outlet 
G lb Mass of condensate Teic oC Evaporator chamber inside ceiling temperature 
mg g/s Mass flow rate of glycol Teif oC Evaporator chamber inside floor temperature 
mr g/s Mass flow rate of refrigerant Teiw 
oC Evaporator chamber inside wall temperature 
Patm kPa Atmospheric pressure Ten1 oC Air temperature at throat of first evaporator nozzle 
Pcro kPa Refrigerant pressure at condenser outlet Ten2 
oC Air temperature at throat of second evaporator nozzle 
Pero kPa Refrigerant pressure at evaporator inlet Teoc 
oC Evaporator chamber outside ceiling temperature 
Prcpi kPa Refrigerant pressure at compressor inlet Teof 
oC Evaporator chamber outside floor temperature 
RHe oC Dew point temperature at evaporator inlet Teow 
oC Evaporator chamber outside wall temperature 
Rhen oC Dew point temperature at evaporator nozzles Teri 
oC Refrigerant temperature at evaporator inlet 
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Table B-2 Input variables to the MAC2HFC EES data reduction model (continued). 
Input  
Variable 
Units Description Input  
Variable 
Units Description 
Tero oC Refrigerant temperature at evaporator outlet Tw 
oC Condensate temperature 
Tgi oC Glycol inlet temperature Vc rpm Compressor speed 
Tgo oC Glycol outlet temperature Wc W 
Condenser chamber energy 
input – primary blower, 
heaters, and lights  
Tori oC Refrigerant temperature at 
expansion device inlet 
Wc2 W Condenser chamber energy 
input – secondary blower 
Trcpi oC Refrigerant temperature at 
compressor inlet 
We1 W 
Evaporator chamber energy 
input – blower, heaters, and 
lights  
Trcpo oC Refrigerant temperature at compressor outlet Xoil - 
Oil concentration in 
refrigerant 
Ts oC Steam temperature    
 
Table B-3 Variables output by the MAC2HFC EES data reduction model. 
Output  
Variable 







scfm  Condenser air flow rate Ma_cond kg/s Mass flow rate of air across condenser 
AFR_scfm_ 
Evap_dp 
scfm  Evaporator air flow rate Ma_dry_evap_dp kg/s Mass flow rate of dry air 
across evaporator 
COP - Coefficient of performance 
Ma_wet_evap_d
p kg/s 
Mass flow rate of wet air 
across evaporator 
DT_sub oC Condenser subcooling P_ratio - Compression ratio 
DT_sup oC Evaporator superheat Qcond_air kW Condenser airside balance 
eta_c - Compressor isentropic efficiency Qcond_chamber kW 
Condenser chamber 
balance 
eta_v - Compressor volumetric efficienc;y Qcond_ref_EES kW 
Condenser refrigerant 
balance (EES) 
hcai kJ/kg Air enthalpy at condenser inlet 
Qcond_ref_ 
REFPROP 
kW Condenser refrigerant balance (REFPROP) 
hcan kJ/kg Air enthalpy at condenser nozzle Qevap_air kW Evaporator airside balance 
hcri kJ/kg Refrigerant enthalpy at condenser inlet Qevap_air_latent kW 
Evaporator latent capacity 
(airside balance) 








heri kJ/kg Refrigerant enthalpy at evaporator inlet Qevap_chamber kW 
Evaporator chamber 
balance 
hero kJ/kg Refrigerant enthalpy at evaporatator outlet Qevap_ch_latent kW 
Evaporator latent capacity  
(chamber balance) 












Table B-4 Variables output by the MAC2HFC EES data reduction model (continued). 
Output  
Variable 







Vel_c1 m/s  Air velocity at first condenser nozzle 






Specific volume of air 







Specific volume of air 
at second evaporator 
nozzle 
Re_c1 - Condenser air Reynolds 
number at first nozzle 
V_suction m3/kg 
Refrigerant specific 
volume at the 
compressor inlet 
Re_c2 - 
Condenser air Reynolds 
number at second 
nozzle 
Wei kg/kg Humidity ratio of air at evaporator inlet 
Re_e1_dp - Evaporator air Reynolds number at first nozzle WeN_dp  
Humidity ratio of air at 
evaporator nozzles 
Re_e2_dp - 
Evaporator air Reynolds 
number at second 
nozzle 
W_comp kW Compressor work 
T_cond oC Condenser saturation temperature x_in - 
Refrigerant quality at 
evaporator inlet 
T_evap oC Evaporator saturation temperature x_out - 
Refrigerant quality at 
evaporator outlet 
 
Table B-5 Constants used in the MAC2HFC EES data reduction model. 
Constant Units Description 
CDc - Condenser nozzle discharge coefficient 
CDe - Evaporator nozzle discharge coefficient 
Cpg1 - Constant for glycol specific heat determination 
Cpg2 - Constant for glycol specific heat determination 
D_c1 m Diameter of first condenser nozzle 
D_c2 m Diameter of second condenser nozzle 
D_e1 m Diameter of first evaporator nozzle 
D_e2 m Diameter of second evaporator nozzle 
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This procedure calculates the enthalpy of R134a for a given temperature and pressure. 
---------------------------------------------------------------------------------------------------------------- 
Calls: REFPROP (Version 5) 
Called by: RefrigBalance 
---------------------------------------------------------------------------------------------------------------- 
Inputs: 
TC  temperature, [C] 
P  pressure, [kPa] 
 
Outputs: 




procedure TP(TC, P : Hkg) 
 R134a = 18   
 TK = TC + 273.15 
 CALL REFPROP(1, R134a , 1, TK, P : TK1, P, V, H, S, Q) 
 MW = 102.03   " molecular weight of R134a " 






This  procedure calculates air flow rates and velocities through the nozzles. 
---------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
---------------------------------------------------------------------------------------------------------------- 
Inputs: 
CDguess  nozzle discharge coefficient guess 
D   nozzle throat diameter, [m] 
Tn   nozzle temperature, [C] 
Pn   nozzle entrance pressure, [kPa] 
DPn    pressure drop across nozzle, [Pa] 




Ma_wet  wet air mass flow rate, [kg/s] 
Ma_dry  dry air mass flow rate, [kg/s] 
Q_dot   volumetric flow rate, [m^3/s] 
Vel   air velocity through nozzle, [m/s] 
Vn    specific volume of air at nozzle, [m^3/kg] 
Re   Reynolds Number at nozzle 
CDnew  discharge coefficient corresponding to Reynolds Number 
---------------------------------------------------------------------------------------------------------------} 
 
procedure AirFlowRate(Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_dot, Vel, Vn, Re, CDold) 
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 $Common ENN 
  " nozzle throat area, [m^2] " 
An = pi * D^2/4          
 Vn = (Po#/Pn) * VOLUME(Air, T = Tn, P = PO#)/(1+Wn) 
 CDnew = CDguess 
 repeat           
 " iterate to find proper discharge coefficient " 
  CDold = CDnew 
  Q_dot = CDold * An * (2 * DPn * Vn)^0.5 
  Vel = Q_dot/An 
  Ma_wet = Q_dot/Vn  
  Ma_dry = Ma_wet/(1+Wn) 
   " air density at nozzle, [kg/m^3] 
rho = DENSITY(Air, T = Tn, P = Pn) " 
  mu = VISCOSITY(Air, T = Tn) " air viscosity at nozzle, [kg/m-sec] " 
  Re = rho * Vel * D/mu  
"discharge coefficient correlation " 
CDnew = .9986 - 7.006/Re^.5 + 134.6/Re    
 
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_dot = 0 
  Vel = 0 
  Vn = 0 
  Re = 0 







This procedure checks for compliance with ASHRAE Standard 40-1986 Paragraph 9.3.1, 
'The throat velocity of any nozzle in use shall not be less than 3000 fpm (15.2 m/s).' 
---------------------------------------------------------------------------------------------------------------- 
Calls: ERROR 
Called by: main program 
---------------------------------------------------------------------------------------------------------------- 
Inputs: 
ENN   number of evaporator nozzles in use 
v_c1   condenser nozzle 1 velocity, [m/s] 
v_c2   condenser nozzle 2 velocity, [m/s] 
v_e1   evaporator nozzle 1 velocity, [m/s] 
v_e2   evaporator nozzle 2 velocity, [m/s] 
 
Outputs: 
NULL   dummy variable 
---------------------------------------------------------------------------------------------------------------} 
 
procedure VelocityCheck(ENN, v_c1, v_c2, v_e1, v_e2 : NULL) 
 IF (ENN < 1.5) THEN 
  Vel = min(v_c1, v_c2, v_e2) 
 ELSE 
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  Vel = min(v_c1, v_c2, v_e1, v_e2) 
 ENDIF 
 NULL = 1 





Procedure RefrigBalance --------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------------------------- 
This procedure calculates the evaporator capacity using the refrigerant-side energy 
balance.  The results are found using both the EES thermodynamic property functions 
and REFPROP 5 values. 
--------------------------------------------------------------------------------------------------------------- 
Calls: TP 
Called by: main program 
---------------------------------------------------------------------------------------------------------------- 
Inputs: 
chmbr    chamber number, 1->condenser  2->evaporator 
Mr    refrigerant mass flow rate, [g/s] 
Tri    refrigerant inlet temperature, [C] 
Pri    refrigerant inlet pressure, [kPa] 
Tro    refrigerant outlet temperature, [C] 
Pro     refrigerant outlet pressure, [kPa] 
Xoil    oil concentration 
 
Outputs: 
DT_s    subcooling or superheat at HX outlet, [C] 
DT_sF    subcooling or superheat at HX outlet, [F] 
h_in    refrigerant inlet enthalpy from EES, [kJ/kg] 
h_out    refrigerant outlet enthalpy from EES, [kJ/kg] 
T_2ph    refrigerant 2-phase temperature, [C] 
Qr_EES    evaporator capacity from EES, [kW] 
Qr_Refprop   evaporator capacity from REFPROP, [kW] 
---------------------------------------------------------------------------------------------------------------} 
 
procedure RefrigBalance(chmbr, Mr, Tri, Pri, Tro, Pro, Xoil : DT_s, DT_sF, h_in, h_out, T_2ph, Qr_EES, 
Qr_Refprop) 
 h_in = ENTHALPY(R134a, T = Tri, P = Pri) 
 h_out = ENTHALPY(R134a, T = Tro, P = Pro)  
 CALL TP(Tri, Pri : hcir)   " inlet enthalpy from REFPROP " 
 CALL TP(Tro, Pro : hcor)   " outlet enthalpy from REFPROP " 
 T_2ph = TEMPERATURE(R134a, x = 0.5, P = Pro) 
 
 IF (chmbr < 1.5) THEN    " Condenser Chamber " 
 DT_s = T_2ph - Tro 
Qr_Refprop = Mr * (1 - Xoil) * (hcir - hcor)/1000 + Mr * Xoil/1000 * (2.0499 * (Tri - Tro) + 
2.261e-3/2 * (Tri^ 2 - Tro^2)) 
Qr_EES = Mr * (1 - Xoil) * (h_in - h_out)/1000 + Mr * Xoil/1000 * (2.0499 * (Tri - Tro) + 
2.261e-3/2 * (Tri^2 - Tro^2)) 
 ELSE       " Evaporator Chamber " 
DT_s = Tro - T_2ph 
Qr_Refprop = Mr * (1 - Xoil) * (hcor - hcir)/1000 + Mr * Xoil/1000 * (2.0499 * (Tro - Tri) + 
2.261e-3/2 * (Tro^2 - Tri^2)) 
Qr_EES = Mr * (1 - Xoil) * (h_out - h_in)/1000 + Mr * Xoil/1000 * (2.0499 * (Tro - Tri) + 








Procedure CondChmbrBalance -------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------------------------- 




Called by: main program 
---------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mg    glycol mass flow rate, [g/s] 
Tgi    glycol inlet temperature, [C] 
Tgo    glycol outlet temperature, [C] 
Tcif    floor temperature inside chamber, [C] 
Tcof    floor temperature outside chamber, [C] 
Tcic     ceiling temperature inside chamber, [C] 
Tcoc    ceiling temperature outside chamber, [C] 
Tciw    wall temperature inside chamber, [C] 
Tcow    wall temperature outside chamber, [C] 
Wc    chamber electrical power 1, [W] 
Wc2    chamber electrical power 2, [W] 
 
Outputs: 
Q_tran    transmission losses to chamber walls, [kW] 
Q_glycol   glycol chiller cooling load, [kW] 
Q_cond   condenser heat rejection, [kW] 
---------------------------------------------------------------------------------------------------------------} 
 
procedure CondCh mbrBalance(Mg, Tgi, Tgo, Tcif, Tcof, Tcic, Tcoc, Tciw, Tcow, Wc, Wc2 : Q_tran, Q_glycol, 
Q_cond) 
"Cp constants for curvefit of 52.4 weight% glycol-water mixture from FluidFile program, 3/9/00 " 
Cpg1 = 3.206   
 Cpg2 = 0.003862 
 hgi = (Cpg1 * Tgi + Cpg2 * Tgi^2/2)/1000  " inlet glycol enthalpy, [kJ/kg] " 
 hgo = (Cpg1 * Tgo + Cpg2 * Tgo^2/2)/1000  " outlet glycol enthalpy, [kJ/kg] " 
 Q_tran = (0.6571 * 7.576 * (Tcif - Tcof) + 0.2197 * 7.576 * (Tcic - Tcoc) + 0.073 * (8.701 + 5.230) * 
(Tciw - Tcow))/1000 
 Q_glycol = Mg * (hgo - hgi) 




Procedure EvapAddNozzles ----------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------------------------- 
This procedure finds the total flow rates and average temperature for the evaporator 
chamber based on the number of nozzles used. 
----------------------------------------------------------------------------------------------------------------Calls: none 
Called by: main program 
--------------------------------------------------------------------------------------------------------------- 
Inputs: 
Ma_dry1  dry air mass flow rate at nozzle 1, [kg/s] 
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Ma_dry2  dry air mass flow rate at nozzle 2, [kg/s] 
Ma_wet1  wet air mass flow rate at nozzle 1, [kg/s] 
Ma_wet2  wet air mass flow rate at nozzle 2, [kg/s] 
Q_dot1  volumetric flow rate at nozzle 1, [m^3/s] 
Q_dot2  volumetric flow rate at nozzle 2, [m^3/s] 
Vn1   air specific volume at nozzle 1, [m^3/kg] 
Vn2   air specific volume at nozzle 2, [m^3/kg] 
 
Outputs: 
Ma_dry  total dry air mass flow rate through nozzles, [kg/s] 
Ma_wet  total wet air mass flow rate through nozzles, [kg/s] 
Q_dot   total volumetric flow rate through nozzles, [m^3/s] 
scfm   total volumetric flow rate through nozzles at standard conditions,  
[scfm] 
Tn   average air temperature at nozzles, [C] 
 
Common Variables: 
ENN   number of evaporator nozzles 
Ten1   measured temperature at nozzle 1, [C] 
Ten2   measured temperature at nozzle 2, [C] 
---------------------------------------------------------------------------------------------------------------} 
 
procedure EvapAddNozzles(Ma_dry1, Ma_dry2, Ma_wet1, Ma_wet2, Q_dot1, Q_dot2, Vn1, Vn2 : Ma_dry, 
Ma_wet, Q_dot, scfm, Tn) 
 $Common ENN, Ten1, Ten2 
 IF (ENN < 1.5) THEN  " One Nozzle " 
  Ma_dry = Ma_dry2 
  Ma_wet = Ma_wet2 
  Q_dot = Q_dot2 
  scfm = Q_dot/(1.2 * Vn2) * convert(m^3/s, ft^3/min) 
  Tn = TEN2 
 ELSE     " Two Nozzles " 
  Ma_dry = Ma_dry1 + Ma_dry2 
  Ma_wet = Ma_wet1 + Ma_wet2 
  Q_dot = Q_dot1 + Q_dot2 
  scfm = Q_dot/(1.2 * (Vn1 + Vn2)/2) * convert(m^3/s, ft^3/min) 





Procedure EvapAirSideBalance ----------------------------------------------------------------------- 
------------------------------------------------------------------------------------------------------------- 
This procedure calculates the total, sensible, and latent evaporator loads using the 
air-side energy balance. 
------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------- 
Inputs: 
Ma_dry    dry air mass flow rate, [kg/s] 
Tn     average nozzle temperature, [C] 





Q_total     evaporator capacity, [kW] 
Q_latent    latent evaporator load, [kW] 
Q_sensible    sensible evaporator load, [kW] 
 
Common Variables: 
Patm     measured atmospheric pressure, [kPa] 
Teai     measured chamber air temperature, [C] 
Tw     measured condensate temperrature, [C] 
Wei     humidity ratio at air inlet 
---------------------------------------------------------------------------------------------------------------} 
 
procedure EvapAirSideBalance(Ma_dry, Ma_wet, Tn, Wn : Q_total, Q_latent, Q_sensible) 
 $Common Patm, Teai, Wei 
  " wet air enthalpy at inlet, [kJ/kg] " 
hwai = ENTHALPY(AirH2O, T = TEAI, P = PATM, w = WEI)   
  " wet air enthalpy at nozzles, [kJ/kg] " 
hwao = ENTHALPY(AirH2O,T = Tn, P = PATM, w = Wn)    
 Q_total = Ma_dry * (hwai - hwao) 
 
" dry air enthalpy at inlet, [kJ/kg] " 
 hdai = ENTHALPY(Air, T = TEAI)    
  " dry air enthalpy at nozzles, [kJ/kg] " 
hdao = ENTHALPY(Air, T = Tn)    
" saturated vapor enthalpy at inlet, [kJ/kg] " 
hvin = ENTHALPY(Steam_NBS, T = TEAI, x = 1)     
" saturated vapor enthalpy at nozzles, [kJ/kg] " 
hvout = ENTHALPY(Steam_NBS, T = Tn, x = 1)     
 Q_sensible = Ma_dry * (hdai - hdao) + (Ma_wet - Ma_dry) * (hvin - hvout) 




Procedure EvapChmbrBalance ------------------------------------------------------------------------- 
This procedure calculates the evaporator capacity and sensible and latent loads using 
the evaporator chamber calorimetry. 
--------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw     condensate mass flow rate, [kg/s] 
 
Outputs: 
Q_tran     transmission losses to chamber walls, [kW] 
Q_total     evaporator capacity, [kW] 
Q_latent    evaporator latent load, [kW] 
Q_sensible    evaporator sensible load. [kW] 
 
Common Variables: 
Patm     measured atmospheric pressure, [kPa] 
Ts     measured inlet steam temperature, [C] 
Tw     measured condensate exit temperature, [C] 
Teif     measured floor temperature inside chamber, [C] 
Teof     measured floor temperature outside chamber, [C] 
Teic      measured ceiling temperature inside chamber, [C] 
Teoc     measured ceiling temperature outside chamber, [C] 
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Teiw     measured wall temperature inside chamber, [C] 
Teow     measured wall temperature outside chamber, [C] 
We1     measured chamber electrical power, [W] 
--------------------------------------------------------------------------------------------------------------} 
 
procedure EvapChmbrBalance(Mw : Q_tran, Q_total, Q_latent, Q_sensible) 
 $Common Patm, Ts, Tw, Teif, Teof, Teic, Teoc, Teiw, Teow, We1 
  " saturated steam inlet enthalpy, [kJ/kg] " 
hs_vap = ENTHALPY(Steam_NBS, T = TS, x = 1)   
  " saturated liquid water enthalpy, [kJ/kg] " 
hs_liq = ENTHALPY(Steam_NBS, T = TS, x = 0)    
  " condensate exit enthalpy, [kJ/kg] " 
hw = ENTHALPY(Steam_NBS, T = TW, P = PATM)   
 Q_tran = (0.6571 * 6.493 * (TEIF - TEOF) + 0.2197 * 6.493 * (TEIC - TEOC) + 0.073 * (8.701 + 4.483) * 
(TEIW - TEOW))/1000 
 Q_water = Mw * (hs_vap - hw) 
 Q_total = WE1/1000 + Q_water - Q_tran 
 
 Q_latent = Mw * (hs_vap - hs_liq) 




Procedure Efficiency  ------------------------------------------------------------------------------------- 
This procedure calculates the various compressor efficiencies. 
--------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
---------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr     refrigerant mass flow rate in compressor, [g/s] 
Tri     refrigerant inlet temperature, [C] 
Pri     refrigerant inlet pressure, [C] 
Tro     refrigerant outlet temperature, [C] 
Pro      refrigerant outlet pressure, [C] 
Q_cond    condenser heat rejection, [kW] 
W_comp     compressor work, [kW] 
Vc     compressor speed, [rpm] 
V_suc     compressor suction volume, [cc] 
 
Outputs: 
h_in     inlet refrigerant enthalpy, [kJ/kg] 
h_out     outlet refrigerant enthalpy, [kJ/kg] 
eta_c     compression efficiency 
eta_v     volumetric efficiency 
---------------------------------------------------------------------------------------------------------------} 
 
procedure Efficiency(Mr, Tri, Pri, Tro, Pro, Q_cond, W_comp, Vc, V_suc : h_in, h_out, eta_c, eta_v) 
 h_in = ENTHALPY(R134a, T = Tri, P = Pri)  
  " inlet refrigerant entropy, [kJ/kg-K] " 
s_in = ENTROPY(R134a, T = Tri, P = Pri)       
  " isentropic outlet refrigerant enthalpy, [kJ/kg] " 
h_out_isen = ENTHALPY(R134a, P = Pro, s = s_in)    
 h_out = ENTHALPY(R134a, T = Tro, P = Pro) 
 eta_c = (Mr/1000) * (h_out_isen - h_in)/W_comp  
" inlet refrigerant specific volume, [m^3/kg] " 
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 v_in = VOLUME(R134a, T = Tri, P = Pri)       
 Vdot_c = Mr * v_in     " refrigerant displacement rate, [L/s] " 















VersionDate = 031600  " Date of Revision " 
 
{These variables may need to be updated depending on the current system status ---------} 
 
Xoil = 0.035     " oil concentration " 
ENN = 2     " number of nozzles in evap chamber " 
V_suction = 164    " compressor suction volume, [cc] " 
" check air velocity values, [m/s] " 
call VelocityCheck(ENN, Vel_c1, Vel_c2, Vel_e1_rate, Vel_e2_rate : NULL)  
 
{ 
Condenser Calculations -------------------------------------------------------------------------} 
 
Pcri = Pcro + DPcr      " inlet pressure (absolute), kPa " 
Qcond_mean = (Qcond_air - Qcond_chamber)/2  " average heat rejection, [kW] " 
 
" Air Flow Rate Through Nozzles " 
Pcn = Patm - DPca/1000    " air pressure at nozzle entrance, [kPa] " 
CDc = 0.99      " discharge coefficient guess value " 
D_c1 = 0.15250 { 6" }    " nozzle 1 diameter, [m] " 
D_c2 = 0.15250 { 6" }    " nozzle 2 diameter, [m] " 
Tcn = (Tcn1 + Tcn2)/2    " average nozzle temperature, [C] " 
WcN = 0      " assume dry air in chamber " 
 
Call AirFlowRate('c1', CDc, D_c1, Tcn1, Pcn, DPcn, WcN : ma_wet_c1, ma_dry_c1, AFR_m3_c1, Vel_c1, Vn_c1, 
Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn2, Pcn, DPcn, WcN : ma_wet_c2, ma_dry_c2, AFR_m3_c2, Vel_c2, Vn_c2, 
Re_c2, CDc2) 
 
Ma_cond = ma_dry_c1 + ma_dry_c2   " total dry air mass flow rate, [kg/s] " 
AFR_m3_Cond = AFR_m3_c1 + AFR_m3_c2 " total volumetric air flow rate, [m^3/s] " 
" total volumetric air flow rate, [scfm] " 
AFR_scfm_Cond = AFR_m3_Cond/(1.2 * Vn_c2) * convert(m^3/s, ft^3/min)  
 
" Air-Side Energy Balance " 
hcai = ENTHALPY(Air, T = Tcai)    " inlet air enthalpy, [kJ/kg] " 
hcan = ENTHALPY(Air, T = Tcn)    " nozzle air enthalpy, [kJ/kg] " 
Qcond_air = Ma_cond * (hcan - hcai) 
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" Refrigerant-Side Energy Balance " 
Call RefrigBalance(1, Mr, Tcri, Pcri, Tcro, Pcro, Xoil : DT_sub, DT_subF, hcri, hcro, T_cond, Qcond_ref_EES, 
Qcond_ref_REFPROP) 
 
"Chamber Energy Balance " 
Call CondChmbrBalance(Mg, Tgi, Tgo, Tcif, Tcof, Tcic, Tcoc, Tciw, Tcow, Wc, Wc2 : Q_walls_c, Q_glycol, 
Qcond_chamber) 
 
"Error Calculations " 
ErrCond_air = (Qcond_chamber + Qcond_air)/Qcond_chamber * 100 
ErrCond_ref_EES = (Qcond_chamber + Qcond_ref_EES)/Qcond_chamber * 100 






Peri = Pero + DPer      " inlet pressure (absolute), kPa " 
Qevap_mean = (Qevap_air + Qevap_chamber)/2  " average capacity, [kW] " 
 
" Inlet Humidity Determination " 
Rheai = RELHUM(AirH2O, T = Teai, P = Patm, D = Tdpei) " inlet relative humidity " 
Wei = HUMRAT(AirH2O, T = Teai, P = Patm, D = Tdpei)  " inlet humidity ratio " 
 
" Nozzle Humidity Determination - Direct Condensate Rate Measurement Method " 
" measured condensate flow rate, [kg/s] " 
Mw_meas_kgs = Dslope * convert(lbm/s, kg/s)  
" measured condensate flow rate, [g/s] " 
Mw_meas_gps = Mw_meas_kgs * 1000   
" humidity ratio after nozzles " 
WeN_rate = Wei - Mw_meas_kgs/Ma_dry_evap_rate 
" relative humidity after nozzles " 
Rheao_rate = RELHUM(AirH2O, T = ((ENN - 1) * Ten1 + Ten2)/ENN, P = Pen, w = WeN_rate)   
" calculated exit dewpoint temperature, [C] " 
Tdpeo_calc = DEWPOINT(AirH2O, T = ((ENN - 1) * Ten1 + Ten2)/ENN, P = Pen, w = WeN_rate)   
 
" Nozzle Humidity Determination - Direct Exit Dewpoint Temperature Measurement Method " 
" relative humidity after nozzles " 
Rheao_dp = RELHUM(AirH2O, T = ((ENN - 1) * Ten1 + Ten2)/ENN, P = Pen, D = Tdpeo)  
" humidity ratio after nozzles "  
WeN_dp = HUMRAT(AirH2O, T = ((ENN - 1) * Ten1 + Ten2)/ENN, P = Pen, D = Tdpeo)  
 " calculated condensate flow rate, [kg/s] " 
Mw_calc_kgs = Ma_dry_evap_dp * (Wei - WeN_dp)  
" calculated condensate flow rate, [g/s] " 
Mw_calc_gps = Mw_calc_kgs * 1000        
" calculated condensate flow rate, [lbm/s] " 
Dslope_calc = Mw_calc_kgs * convert(kg/s, lbm/s)   
 
 
" Air Flow Rate Parameters " 
Pen = Patm - DPea/1000    " air pressure at nozzle entrance, [kPa] " 
CDe = 0.975      " discharge coefficient guess value " 
D_e1 = 0.06342 { 2.5" }   " nozzle 1 (North Side) diameter, [m] " 
D_e2 = 0.06348 { 2.5" }   " nozzle 2 (South Side) diameter, [m] " 
 
" Air Flow Rate Through Nozzles - Direct Condensate Rate Measurement Method " 
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Call AirFlowRate('e1', CDe, D_e1, Ten1, Pen, DPen, WeN_rate : Ma_wet_e1_rate, Ma_dry_e1_rate, 
AFR_m3_e1_rate, Vel_e1_rate, Vn_e1_rate, Re_e1_rate, CDe1_rate) 
Call AirFlowRate('e2', CDe, D_e2, Ten2, Pen, DPen, WeN_rate : Ma_wet_e2_rate, Ma_dry_e2_rate, 
AFR_m3_e2_rate, Vel_e2_rate, Vn_e2_rate, Re_e2_rate, CDe2_rate) 
Call EvapAddNozzles(Ma_dry_e1_rate, Ma_dry_e2_rate, Ma_wet_e1_rate, Ma_wet_e2_rate, AFR_m3_e1_rate, 
AFR_m3_e2_rate, Vn_e1_rate, Vn_e2_rate : Ma_dry_evap_rate, Ma_wet_evap_rate, AFR_m3_Evap_rate, 
AFR_scfm_Evap_rate, Ten_rate) 
 
" Air Flow Rate Through Nozzles - Direct Exit Dewpoint Temperature Measurement Method " 
Call AirFlowRate('e1', CDe, D_e1, Ten1, Pen, DPen, WeN_dp : Ma_wet_e1_dp, Ma_dry_e1_dp, AFR_m3_e1_dp, 
Vel_e1_dp, Vn_e1_dp, Re_e1_dp, CDe1_dp) 
Call AirFlowRate('e2', CDe, D_e2, Ten2, Pen, DPen, WeN_dp : Ma_wet_e2_dp, Ma_dry_e2_dp, AFR_m3_e2_dp, 
Vel_e2_dp, Vn_e2_dp, Re_e2_dp, CDe2_dp) 
Call EvapAddNozzles(Ma_dry_e1_dp, Ma_dry_e2_dp, Ma_wet_e1_dp, Ma_wet_e2_dp, AFR_m3_e1_dp, 
AFR_m3_e2_dp, Vn_e1_dp, Vn_e2_dp : Ma_dry_evap_dp, Ma_wet_evap_dp, AFR_m3_Evap_dp, 
AFR_scfm_Evap_dp, Ten_dp) 
 
" Air-Side Energy Balance - Direct Condensate Rate Measurement Method " 
Call  EvapAirSideBalance(Ma_dry_evap_rate, Ma_wet_evap_rate, Ten_rate, WeN_rate : Qevap_air, 
Qevap_air_latent, Qevap_air_sensible) 
" Refrigerant-Side Energy Balance - Direct Condensate Rate Measurement Method " 




" Chamber Energy Balance - Direct Condensate Rate Measurement Method " 
Call EvapChmbrBalance(Mw_meas_kgs : Q_walls_e, Qevap_chamber, Qevap_chamber_latent, 
Qevap_chamber_sensible) 
 
" Evaporator Qualities " 
h_evap_exit = Qevap_chamber * 1000/Mrc + heri 
x_out = (h_evap_exit - ENTHALPY(R134a, P = Peri, x = 0))/(ENTHALPY(R134a, P = Pero, x = 1) - 
ENTHALPY(R134a, P = Peri, x = 0)) 
x_in = (heri - ENTHALPY(R134a, P = Peri, x = 0))/(ENTHALPY(R134a, P = Pero, x = 1) - ENTHALPY(R134a, P 
= Peri, x = 0)) 
 
" Error Calculations " 
ErrEvap_air = (Qevap_air - Qevap_chamber)/Qevap_chamber * 100 
ErrEvap_ref_EES = (Qevap_ref_EES - Qevap_chamber)/Qevap_chamber * 100 
ErrEvap_ref_REFPROP = (Qevap_ref_REFPROP - Qevap_chamber)/Qevap_chamber * 100 
ErrEvap_condensate = (Mw_calc_kgs - Mw_meas_kgs)/Mw_meas_kgs * 100 
 
{ 
Compressor Calculations --------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------------------------} 
 
P_ratio = Pcri/Prcpi  " compression ratio " 
 
" Efficiency Calculations " 
 " refrigerant mass flow rate through compressor, [kg/s] " 
Mrc = ABS(Qcond_chamber) * 1000/(hcri - hcro)    




" Compressor Shaft Work " 
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COP = Qevap_chamber/W_comp  
“ Excel Data ” 
 
" Conversion of Data from Excel " 
Tdpeo = Rhen 
Tdpei = RHe 
 






























































B.2 MAC2R744 EES Model 
Table B-6 Input variables to the MAC2R744 EES model. 
Input  
Varible 
Units Description Input 
Varible 
Units Description 
a1File$ - Filename Mr g/s Mass flow rate of refrigerant 
Clutch Volts Clutch engaged when >0 outdoor - 
Indicator of glycol system servicing 
gas cooler chamber 
(0 – no service) 
Deng g/cm3 Glycol Density Patm kPa Atmospheric pressure 
DenLiq g/cm3 Refrigerant/oil density of liquid exiting suction accumulator Pcc kPa 
Refrigerant pressure at compressor 
crankcase 
DenOIL g/cm3 Oil density Pcro kPa Refrigerant pressure at gas cooler outlet 
Denr g/cm3 Refrigerant density Pero kPa Refrigerant pressure at evaporator outlet 
DPca Pa Airside pressure drop across 
gas cooler 
Prcpi kPa Refrigerant pressure at compressor 
inlet 
DPcn Pa Airside pressure drop across 
gas cooler nozzles 
Prcpo kPa Refrigerant pressure at compressor 
outlet 
DPcr kPa Refrigerant pressure drop across gas cooler Pshri kPa 
Low-side refrigerant pressure at 
SLHX inlet 
DPea Pa Airside pressure drop across evaporator Pshri2 kPa 
High-side refrigerant pressure at 
SLHX inlet 
DPen Pa Airside pressure drop across evaporator nozzles Pshro kPa 
Low-side refrigerant pressure at 
SLHX outlet 
DPer kPa Refrigerant pressure drop across evaporator Pshro2 kPa 
High-side refrigerant pressure at 
SLHX outlet 
Dslope lb/s Mass flow rate of condensate Tcai oC Air temperature at gas cooler inlet 
ENN - Number of nozzles used in evaporator wind tunnel Tcic 
oC Gas cooler chamber inside ceiling temperature 
Fc in-lb Compressor torque Tcif oC Gas cooler chamber inside floor temperature 
G lb Mass of condensate Tciw oC Gas cooler chamber inside wall temperature 
indoor - 
Indicator of glycol system 
servicing evaporator chamber  
(0 – no service) 
Tcn1 oC Air temperature at throat of first gas cooler nozzle 
Mg g/s Mass flow rate of glycol for first glycol system  Tcn2 
oC Air temperature at throat of second gas cooler nozzle 
Mg2 g/s Mass flow rate of glycol for second glycol system  Tcoc 
oC Gas cooler chamber outside ceiling temperature 
Mliq g/s Mass flow rate of refrigerant/oil exiting suction accumulator Tcof 
oC Gas cooler chamber outside floor temperature 
Moil g/s Mass flow rate of oil Tcow oC Gas cooler chamber outside wall temperature 
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Tcri oC Refrigerant temperature at gas cooler inlet Tgi 
oC Inlet glycol temperature of first glycol system  
Tcro oC Refregerant temperature at gas cooler outlet Tgi2 
oC Inlet glycol temperature of second glycol system  
Tdpei oC Dew point temperature at evaporator inlet Tgo 
oC Outlet glycol temperature of first glycol system  
Tdpen oC Dew point temperature at evaporator nozzles Tgo2 
oC Outlet glycol temperature of second glycol system  
Teai oC Air temperature at evaporator inlet Tori 
oC Refrigerant temperature at expansion device inlet 
Teao oC Air temperature at evaporator outlet Trcpi 
oC Refrigerant pressure at compressor inlet 
Teic oC Evaporator chamber inside ceiling temperature Trcpo 
oC Refrigerant pressure at compressor outlet 
Teif oC Evaporator chamber inside floor 
temperature 
Ts oC Steam temperature 
Teiw oC Evaporator chamber inside wall 
temperature 
Tshri oC Low-side refrigerant temperature 
at SLHX inlet 
Ten1 oC Air temperature at first evaporator nozzle Tshri2 
oC High-side refrigerant temperature at SLHX inlet 
Ten2 oC Air temperature at second evaporator nozzle Tshro 
oC Low-side refrigerant temperature at SLHX outlet 
Teoc oC Evaporator chamber outside ceiling temperature Tshro2 
oC High-side refrigerant temperature at SLHX outlet 
Teof oC Evaporator chamber outside floor temperature Tw 
oC Condensate temperature 
Teow oC Evaporator chamber outside wall temperature Vc rpm Compressor speed 
Teri oC Refrigerant temperature at evaporator inlet Wc W 
Gas cooler chamber energy input 
– primary blower, heaters, and 
lights  
Tero oC Refrigerant temperature at first evaporator outlet Wc2 W 
Gas cooler chamber energy input 
– secondary blower 
Tero1 oC Refrigerant temperature at second evaporator outlet We W 
Evaporator chamber energy input 
– blower, heaters, and lights  
Tero2 oC Refrigerant temperature at third evaporator outlet Xoil - Oil concentration in refrigerant 
Tero3 oC Refrigerant temperature at forth 
evaporator outlet 
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Table B-8 Variables output by the MAC2R744 EES data reduction model. 
Outut  
Varible 
Units Description Outut  
Varible 
Units Description 
AFR_scfm_indoor scfm  Evaporator air flow rate hero_air kJ/kg 
Refrigerant enthalpy at 
evaporator outlet 
(airside balance) 
AFR_scfm_outdoor scfm  Gas cooler air flow rate hero_chamber kJ/kg 
Refrigerant enthalpy at 
evaporator outlet 
(chamber balance) 
Conc % Glycol concentration hori kJ/kg Refrigerant enthalpy at 







hshri kJ/kg Low-side refrigerant 






hshri2 kJ/kg High-side refrigerant enthalpy at SLHX inlet 
DT_sup oC Evaporator superheat Hshro kJ/kg Low-side refrigerant enthalpy at SLHX outlet 
epsilon_ihx - Effectiveness of SLHX hshro2 kJ/kg High-side refrigerant 
enthalpy at SLHX outlet 
eta_c - Compressor isentropic 
efficiency 
hvin kJ/kg Water vapor inlet 
enthalpy 
eta_v - Compressor volumetric efficientcy hvout kJ/kg 
Water vapor outlet 
enthalpy 
hcai kJ/kg Air enthalpy at gas cooler inlet h_compin kJ/kg 
Refrigerant enthalpy at 
compressor inlet 
hcan kJ/kg Air enthalpy at gas cooler nozzles h_compout kJ/kg 
Refrigerant enthalpy at 
compressor outlet 
hcri kJ/kg Refrigerant enthalpy at gas cooler inlet h_fg kJ/kg 
Latent heat of 
vaporization for steam  
hcro kJ/kg Refrigerant enthalpy at gas cooler outlet h_liq kJ/kg 
Saturated liquid enthalpy 
for refrigerant 
heai kJ/kg Air enthalpy at evaporator inlet h_vap  
Saturated vapor enthalpy 
for refrigerant 
heai_dry kJ/kg 
Air enthalpy at 
evaporator inlet 
(dry air) 
Ma_indoor_dry kg/s Mass flow rate of dry air across evaporator 
hean kJ/kg Air enthalpy at evaporator nozzles Ma_indoor_wet kg/s 
Mass flow rate of wet air 
across evaporator 
hean_dry kJ/kg 
Air enthalpy at 
evaporator nozzles 
(dry air) 
Ma_outdoor kg/s Mass flow rate of air across gas cooler 
heri kJ/kg Refrigerant enthalpy at 
evaporator inlet 
P_ratio - Compression ratio 
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Table B-9 Variables output by the MAC2R744 EES data reduction model (continued). 
Outut  
Varible 
Units Description Outut  
Varible 
Units Description 
Qindoor_air kW Evaporator airside balance Re_e2 - 
Evaporator air Reynolds 
number at second nozzle 
Qindoor_chamber kW Evaporator chamber balance Rhei % 











Vel_c1 m/s  Air velocity at first gas cooler nozzle 
Qindoor_Ref_IHX kW Evaporator refrigerant balance Vel_c2 m/s  











Vel_e2 m/s  Air velocity at second evaporator nozzle 




Vn_c1 m3/kg Specific volume of air at first gas cooler nozzle 
Qoutdoor_air kW Gas cooler airside balance Vn_c2 m
3/kg Specific volume of air at second gas cooler nozzle 
Qoutdoor_chamber kW Gas cooler chamber balance Vn_e1 m
3/kg Specific volume of air at first evaporator nozzle 
Qoutdoor_glycol kW 
Glycol capacity 
(gas cooler chamber) 
Vn_e2 m3/kg Specific volume of air at second evaporator nozzle 
Qoutdoor_ref kW Gas cooler refrigerant balance Wci kg/kg 
Humidity ratio at gas 
cooler inlet 
Qoutdoor_walls  kW 
Transmission losses 
through gas cooler 
chamber 








W_comp kW Compressor shaft work 
Re_c1 - 
Gas cooler air 
Reynolds number at 
first nozzle 
X_in - Refrigerant quality at evaporator inlet 
Re_c2 - 
Gas cooler air 
Reynolds number at 
second nozzle 
X_out_air  





Reynolds number at 
first nozzle 
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Table B-10 Constants used in the MAC2R744 EES data reduction model. 
Constant Units Description 
CDc - Gas cooler nozzle discharge coefficient 
CDe - Evaporator nozzle discharge coefficients 
D_c1 m Diameter of first gas cooler nozzle 
D_c2 m Diameter of second gas cooler nozzle 
D_e1 m Diameter of first evaporator nozzle 
D_e2 m Diameter of second evaporator nozzle 








This procedure calculates air flow rates and velocities through the nozzles. 
----------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
----------------------------------------------------------------------------------------------------------- 
Inputs: 
Cdguess  nozzle discharge coefficient guess 
D    nozzle throat diameter, [m] 
Tn    nozzle temperature, [C] 
Pn    nozzle entrance pressure, [kPa] 
DPn    pressure drop across nozzle, [Pa] 
Wn    humidity ratio at nozzle 
 
Outputs: 
Ma_wet   wet air mass flow rate, [kg/s] 
Ma_dry   dry air mass flow rate, [kg/s] 
Q_m3    volumetric flow rate, [m^3/s] 
Q_scfm   volumetric flow rate, [scfm] 
Vel    air velocity through nozzle, [m/s] 
Vn     specific volume of air at nozzle, [m^3/kg] 
Re    Reynolds Number at nozzle 
CDnew   discharge coefficient corresponding to Reynolds Number 
----------------------------------------------------------------------------------------------------------} 
 
procedure AirFlowRate(Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_m3, Q_scfm, Vel, Vn, 
Re, CDold) 
 $Common ENN 
 An = pi * D^2/4       " nozzle throat area, [m^2] " 
 Vn = (Po#/Pn) * VOLUME(AIR, T = Tn, P = PO#)/(1+Wn) 
 CDnew = CDguess 
 repeat        " iterate to find proper discharge coefficient " 
  CDold = CDnew 
  Q_m3 = CDold * An * (2 * DPn * Vn)^0.5 
  Q_scfm = Q_m3/(1.2 * Vn) * convert(m^3/s, ft^3/min) 
  Vel = Q_m3/An 
  Ma_wet = Q_m3/Vn  
  Ma_dry = Ma_wet/(1+Wn) 
  rho = DENSITY(AIR, T = Tn, P = Pn)  " air density at nozzle, [kg/m^3] " 
  mu = VISCOSITY(AIR, T = Tn)   " air viscosity at nozzle, [kg/m-sec] " 
  Re = rho * Vel * D/mu  
   " discharge coefficient correlation " 
  CDnew = .9986 - 7.006/Re^.5 + 134.6/Re   
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_m3 = 0 
  Q_scfm = 0 
  Vel = 0 
  Vn = 0 
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  Re = 0 




{Procedure ChamberBalance ----------------------------------------------------------------------- 
----------------------------------------------------------------------------------------------------------- 




Called by: main program 
----------------------------------------------------------------------------------------------------------- 
Inputs: 
chamber   number telling which chamber balance to use: 1->outdoor, 2->indoor 
chiller    number telling which chiller was used 
Mg     glycol mass flow rate, [g/s] 
Tgi     glycol inlet temperature, [C] 
Tgo     glycol outlet temperature, [C] 
Tif     floor temperature inside chamber, [C] 
Tof     floor temperature outside chamber, [C] 
Tic      ceiling temperature inside chamber, [C] 
Toc     ceiling temperature outside chamber, [C] 
Tiw     wall temperature inside chamber, [C] 
Tow    wall temperature outside chamber, [C] 
W     chamber electrical power 1, [W] 
W2     chamber electrical power 2, [W] 
 
Outputs: 
Q_tran    transmission losses to chamber walls, [kW] 
Q_glycol   glycol chiller cooling load, [kW] 
Q_hx    heat exchanger heat transfer, [kW] 
---------------------------------------------------------------------------------------------------------} 
 
procedure IndoorChamberBalance(Tif, Tof, Tic, Toc, Tiw, Tow, W: Q_tran, Q_hx) 
 $Common Mw_kgps, Ts, Tw, Patm 
  Q_tran = (0.6571 * 6.493 * (Tif - Tof) + 0.2197 * 6.493 * (Tic - Toc) + 0.073 * (8.701 + 4.483) * 
(Tiw - Tow))/1000 
 " saturated steam inlet enthalpy, [kJ/kg] "   
  hs = ENTHALPY(STEAM_NBS, T = TS, x = 1)    
 " condensate exit enthalpy, [kJ/kg] "   
  hw = ENTHALPY(STEAM_NBS, T = TW, P = PATM)   
  Q_steam = MW_KGPS * (hs -  hw) 
  Q_hx = ABS(W/1000 + Q_steam - Q_tran) 
END 
 
procedure OutdoorChamberBalance(Cpgi, Cpgo, Deng, Mg, Tgi, Tgo, Tif, Tof, Tic, Toc, Tiw, Tow, W, W2 : 
Q_tran, Q_glycol, Q_hx) 
" Mobile Chiller or No chiller" 
 " 44.5 weight% glycol-water mixture from FluidFile program, 6/15/00 " 
  { Cpg1 = 3.364   
   Cpg2 = 0.003450} 
 " 47.6 weight% glycol-water mixture from FluidFile program, 6/02/00 " 
  {Cpg1 = 3.303  
    Cpg2 = 0.003622} 
" 54.3 weight% glycol-water mixture from FluidFile program, 5/08/00 " 
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  {Cpg1 = 3.16724  
    Cpg2 = 0.003955} 
 
 { hgi = (Cpg1 * Tgi + Cpg2 * Tgi^2/2)/1000  " inlet glycol enthalpy, [kJ/kg] " 
  hgo = (Cpg1 * Tgo + Cpg2 * Tgo^2/2)/1000  " outlet glycol enthalpy, [kJ/kg] " 
  Q_glycol = Mg * (hgo - hgi)} 
 
  Cp_bar = (Cpgi + Cpgo) / 2 
  Q_glycol = Mg / 1000 * Cp_bar * ( Tgo - Tgi) 
  Q_tran = (0.6571 * 7.576 * (Tif - Tof) + 0.2197 * 7.576 * (Tic - Toc) + 0.073 * (8.701 + 5.230) * 
(Tiw - Tow))/1000 




{Procedure Efficiency ------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------------------------------- 
This procedure calculates the various compressor efficiencies. 
----------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
----------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr     refrigerant mass flow rate in compressor, [g/s] 
Tri     refrigerant inlet temperature, [C] 
Pri     refrigerant inlet pressure, [C] 
Tro     refrigerant outlet temperature, [C] 
Pro      refrigerant outlet pressure, [C] 
W_comp    compressor work, [kW] 
Vc     compressor speed, [rpm] 
V_disp    compressor displacement volume, [cc] 
 
Outputs: 
h_in    inlet refrigerant enthalpy, [kJ/kg] 
h_out    outlet refrigerant enthalpy, [kJ/kg] 
eta_c    compression efficiency 
eta_v    volumetric efficiency 
---------------------------------------------------------------------------------------------------------} 
 
procedure Efficiency(Mr, Tri, Pri, Tro, Pro,  W_comp, Vc, V_disp : h_in, h_out, eta_c, eta_v) 
 " Isentropic Efficiency " 
 h_in = ENTHALPY(CARBONDIOXIDE, T = Tri, P = Pri)  
  " inlet refrigerant entropy, [kJ/kg-K] " 
 s_in = ENTROPY(CARBONDIOXIDE, T = Tri, P = Pri)      
  " isentropic outlet refrigerant enthalpy, [kJ/kg] " 
 h_out_isen = ENTHALPY(CARBONDIOXIDE, P = Pro, s = s_in)  
 h_out = ENTHALPY(CARBONDIOXIDE, T = Tro, P = Pro) 
 eta_c = (Mr/1000) * (h_out_isen - h_in)/W_comp  
 
 " Volumetric Efficiency " 
 v_in = VOLUME(CARBONDIOXIDE, T = Tri, P = Pri)     " inlet refrigerant specific 
volume, [m^3/kg] " 
 Vdot_c = Mr * v_in         " refrigerant displacement rate, [L/s] " 

















VersionDate = 080400  " Date of Revision " 
{ENN=2} 
{These variables may need to be updated depending on the current system status --------- 
----------------------------------------------------------------------------------------------------------} 
 
Xoil = 0.035    " oil concentration " 
V_disp = 33     " compressor displacement volume, [cc] " 
 




Pcri = Pcro + DPcr  " inlet pressure (absolute), kPa " 
 
" Chamber Humidity " 
Rhci = .4            " relative humidity estimate " 
Wci = HumRat(AIRH2O, P = Patm, T = Tcai, R = Rhci)  " humidity ratio at inlet " 
 
" Air Flow Rate Parameters " 
Pcn = Patm - DPca/1000-DPcn/1000    " air pressure at nozzle entrance, [kPa] " 
CDc = 0.99          " discharge coefficient guess value " 
D_c1 = 0.15250 { 6" }        " nozzle 1 diameter, [m] " 
D_c2 = 0.15250 { 6" }        " nozzle 2 diameter, [m] " 
Tcn = (Tcn1 + Tcn2)/2        " average nozzle temperature, [C] " 
 
" Air Flow Rates Through Nozzles " 
CALL AirFlowRate('c1', CDc, D_c1, Tcn1, Pcn, DPcn, Wci : ma_wet_c1, ma_dry_c1, AFR_m3_c1, 
AFR_scfm_c1, Vel_c1, Vn_c1, Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn2, Pcn, DPcn, Wci : ma_wet_c2, ma_dry_c2, AFR_m3_c2, 
AFR_scfm_c2, Vel_c2, Vn_c2, Re_c2, CDc2) 
 
" Total Air Flow Rates " 
 " total dry air mass flow rate, [kg/s] " 
Ma_outdoor = ma_wet_c1 + ma_wet_c2      
 " total volumetric air flow rate, [m^3/s] " 
AFR_m3_outdoor = AFR_m3_c1 + AFR_m3_c2    
 " total volumetric air flow rate, [scfm] " 
AFR_scfm_outdoor = AFR_scfm_c1 + AFR_scfm_c2   
 
" Air-Side Energy Balance " 
 " moist inlet air enthalpy, [kJ/kg] " 
hcai = ENTHALPY(AIRH2O, T = Tcai, P = Patm, R = Rhci)  
 " moist nozzle air enthalpy, [kJ/kg] " 
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hcan = ENTHALPY(AIRH2O, T = Tcn, P = Pcn, w = Wci)  







" Refrigerant-Side Energy Balance " 
 " refrigerant inlet enthalpy, [kj/kg] " 
hcri = ENTHALPY(CARBONDIOXIDE, T = Tcri, P = Pcri)  
 " refrigerant exit enthalpy, [kJ/kg] " 
hcro = ENTHALPY(CARBONDIOXIDE, T = Tcro, P = Pcro)  








CALL BRINEPROP('Density', 'EG', Conc, Tgi: Deng*1000) 
CALL BRINEPROP('SpecHeat', 'EG', Conc, Tgi: Cpgi) 
CALL BRINEPROP('SpecHeat', 'EG', Conc, Tgo: Cpgo) 
 
" Chamber Energy Balance "  
call OutdoorChamberBalance(Cpgi, Cpgo, Deng, Mg, Tgi, Tgo, Tcif, Tcof, Tcic, Tcoc, Tciw, Tcow, Wc, Wc2 
: Qoutdoor_walls, Qoutdoor_glycol, Qoutdoor_chamber) 
" Error Calculations " 
ErrOutdoor_air = (Qoutdoor_air - Qoutdoor_chamber)/Qoutdoor_chamber * 100 
ErrOutdoor_ref = (Qoutdoor_ref - Qoutdoor_chamber)/Qoutdoor_chamber * 100 
 
{Indoor Chamber Calculations ------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
Peri = Pero + DPer  " inlet pressure (absolute), kPa " 
 
" Chamber Humidity " 
 " inlet relative humidity " 
Rhei = RELHUM(AIRH2O, T = Teai, P = Patm, D = Tdpei)   
 " relative humidity after nozzle " 
Rhen = RELHUM(AIRH2O, T = Ten, P = Pen, D = Tdpen)  
 " inlet humidity ratio " 
Wei = HUMRAT(AIRH2O, T = Teai, P = Patm, D = Tdpei)    
 " humidity ratio after nozzle " 
Wen = HUMRAT(AIRH2O, T = Ten, P = Pen, D = Tdpen)   
 
" Air Flow Rate Parameters " 
Pen = Patm - DPea/1000-DPen/1000    " air pressure at nozzle entrance, [kPa] " 
CDe = 0.975         " discharge coefficient guess value " 
D_e1 = 0.06342 { 2.5" }       " nozzle 1 (North Side) diameter, [m] " 
D_e2 = 0.06348 { 2.5" }       " nozzle 2 (South Side) diameter, [m] " 
Ten = (Ten1 + Ten2)/2       " average nozzle temperature, [C] " 
 
" Air Flow Rates Through Nozzles " 
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CALL AirFlowRate('e1', CDe, D_e1, Ten1, Pen, DPen, Wen : ma_wet_e1, ma_dry_e1, AFR_m3_e1, 
AFR_scfm_e1, Vel_e1, Vn_e1, Re_e1, CDe1) 
Call AirFlowRate('e2', CDe, D_e2, Ten2, Pen, DPen, Wen : ma_wet_e2, ma_dry_e2, AFR_m3_e2, 
AFR_scfm_e2, Vel_e2, Vn_e2, Re_e2, CDe2) 
 
" Total Air Flow Rates " 
 " total dry air mass flow rate, [kg/s] " 
Ma_indoor_dry = ma_dry_e1 + ma_dry_e2    
 " total wet air mass flow rate, [kg/s] " 
Ma_indoor_wet = ma_wet_e1 + ma_wet_e2 
 " total volumetric air flow rate, [m^3/s] " 
AFR_m3_indoor = AFR_m3_e1 + AFR_m3_e2   
 " total volumetric air flow rate, [scfm] " 




cpean=SPECHEAT(AirH2O, T=Ten, P=Pen, w=Wei)} 
 
" Total Air-Side Heat Transfer " 
 " moist inlet air enthalpy, [kJ/kg] " 
heai = ENTHALPY(AIRH2O, T = Teai, P = Patm, R = Rhei)  
 " moist nozzle air enthalpy, [kJ/kg] " 
hean = ENTHALPY(AIRH2O, T = Ten, P = Pen, R = Rhen)  
Qindoor_air = Ma_indoor_dry * (heai - hean) 
 
" Sensible Air-Side Heat Transfer " 
heai_dry = ENTHALPY(AIR, T= Teai)   " dry inlet air enthalpy, [kJ/kg] " 
hean_dry = ENTHALPY(AIR, T = Ten)    " dry nozzle air enthalpy, [kJ/kg] " 
 " water vapor inlet enthalpy, [kJ/kg] " 
hvin = ENTHALPY(STEAM_NBS, T =Teai, x = 1)    
 " water vapor nozzle enthalpy, [kJ/kg] " 
hvout = ENTHALPY(STEAM_NBS, T = Ten, x = 1)    
 
Qindoor_sensible_psych = Ma_indoor_dry * (heai_dry - hean_dry) + (Ma_indoor_wet - Ma_indoor_dry) * 
(hvin - hvout) 
Qindoor_sensible_cond = Qindoor_air - Qindoor_latent_cond 
 
" Latent Air-Side Heat Transfer " 
Mw_kgps = Dslope * convert(lbm/s, kg/s)    " condensation rate, [kg/s] " 
Mw_gps = Mw_kgps * 1000        " condensation rate, [g/s] " 
 " heat of vaporization, [kJ/kg] " 
h_fg = ENTHALPY(STEAM_NBS, T = Tdpei, x = 1) - ENTHALPY(STEAM_NBS, T = Tdpei, x = 0)  
 
Qindoor_latent_cond = Mw_kgps * h_fg 
Qindoor_latent_psych = Qindoor_air - Qindoor_sensible_psych 
 
" Refrigerant-Side Energy Balance " 
 " refrigerant enthalpy at expansion device, [kJ/kg] " 
hori = ENTHALPY(CARBONDIOXIDE, P = Pcro, T = Tori)  
heri=ENTHALPY(CARBONDIOXIDE, x=X_in, T = Teri) 
Qindoor_air = Mr * (hero_air - hori)/1000 
Qindoor_chamber = Mr * (hero_chamber - hori)/1000 
 
" Refrigerant Quality " 
 " 2-phase saturation temperature, [C] " 
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T_sat = TEMPERATURE(CARBONDIOXIDE, P = Pero, x = 0.5)   
DT_sup = Tero - T_sat          " superheat, [C] " 
 " saturated liquid enthalpy, [kJ/kg] " 
h_liq = ENTHALPY(CARBONDIOXIDE, T = T_sat, x = 0)    
 " saturated vapor enthalpy, [kJ/kg] " 
h_vap = ENTHALPY(CARBONDIOXIDE, T = T_sat, x = 1)    
X_in = (hori - h_liq)/(h_vap - h_liq)        " inlet quality " 
 " outlet quality based on air-side balance " 
X_out_air = (hero_air - h_liq)/(h_vap - h_liq)       
 " outlet quality based on chamber balance " 
X_out_chamber = (hero_chamber - h_liq)/(h_vap - h_liq)    
 
" Chamber Energy Balance " 
call IndoorChamberBalance(Teif, Teof, Teic, Teoc, Teiw, Teow, We: Qindoor_walls, Qindoor_chamber) 
 
" Error Calculations " 
ErrIndoor_air = (Qindoor_air - Qindoor_chamber)/Qindoor_chamber * 100 
 




{Internal Heat Exchanger Calculations ---------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
 " suction-side inlet enthalpy, [kJ/kg] " 
hshri = ENTHALPY(CARBONDIOXIDE, P = Pshri, T = Tshri)   
 
 
 " suction-side outlet enthalpy, [kJ/kg] " 
hshro = ENTHALPY(CARBONDIOXIDE, P = Pshro, T = Tshro)  
 " liquid-side inlet enthalpy, [kJ/kg] " 
hshri2 = ENTHALPY(CARBONDIOXIDE, P = Pshri2, T = Tshri2)  
 " liquid-side outlet enthalpy, [kJ/kg] " 
hshro2 = ENTHALPY(CARBONDIOXIDE, P = Pshro2, T = Tshro2) 
hsh_max= ENTHALPY(CARBONDIOXIDE, P = Pshri, T = Tshri2) 
 " heat exchanger suction-side capacity, [kW] " 
Q_ihx_suc = Mr * (hshro - hshri)/1000   
 " heat exchanger liquid-side capacity, [kW] " 
Q_ihx_liq = Mr * (hshri2 - hshro2)/1000       
 " heat exchanger effectiveness " 




P_ratio = Prcpo/Prcpi  " compression ratio " 
 
" Compressor Shaft Work " 
W_comp = (Fc * convert(lbf-in, N-m)) * (Vc * convert(rev/min, rad/s))/1000 
 
" Efficiency Calculations " 






COP_indoor_air = Qindoor_air/W_comp  
COP_indoor_chamber = Qindoor_chamber/W_comp  
 
COP_outdoor_air = Qoutdoor_air/W_comp - 1 
COP_outdoor_chamber = Qoutdoor_chamber/W_comp - 1 
 




























































































a2Time$='Sun 15/Apr/2001 00:07:31' 
a3Comp$='Denso - Cast' 
 110 
B.3 MHP1R744 EES Model 
Table B-11 Input variables to the MHP1R744 EES data reduction model. 
Input  
Variable 
Units Description Input  
Variable 
Units Description 
a1File$ - Filename outdoor - 
Indicator of glycol system 
servicing evaporator 
chamber 
(0 – no service) 
Clutch Volts Clutch engaged when >0 Patm kPa Atmospheric pressure 
Deng g/cm3 Glycol density Pcro kPa Refrigerant pressure at evaporator outlet 
DenLiq g/cm3 
Refrigerant/oil density of 
liquid exiting suction 
accumulator 
Pero kPa Refrigerant pressure at gas cooler outlet 
DenOIL g/cm3 Oil density Prcpi kPa Refrigerant pressure at compressor inlet 
Denr g/cm3 Refrigerant density Prcpo kPa Refrigerant pressure at compressor outlet 
DPca Pa Airside pressure drop across evaporator Pshri kPa 
Low-side refrigerant 
pressure at SLHX inlet 
DPcn Pa Airside pressure drop across evaporator nozzles Tcai 
oC Air temperature at evaporator inlet 
DPcr kPa Refrigerant pressure drop across evaporator Tcao 
oC Air temperature at evaporator outlet 
Dpea Pa Airside pressure drop across gas cooler Tcic 
oC Evaporator chamber inside ceiling temperature 
DPen Pa Airside pressure drop across gas cooler nozzles Tcif 
oC Evaporator chamber inside floor temperature 
DPer kPa Refrigerant pressure drop across gas cooler Tciw 
oC Evaporator chamber inside wall temperature 
ENN - Number of nozzles used 
in gas cooler wind tunnel 
Tcn1 oC Air temperature at throat of 
first evaporator nozzle 
Fc in-lb Compressor torque Tcn2 oC Air temperature at throat of second evaporator nozzle 
indoor - 
Indicator of glycol system 
servicing gas cooler 
chamber 
(0 – no service) 
Tcoc oC Evaporator chamber outside ceiling temperature 
mg g/s Mass flow rate of gloycol 
for first glycol system  
Tcof oC Evaporator chamber outside 
floor temperature 
Mg2 g/s Mass flow rate of glycol for 
second glycol system  
Tcow oC Evaporator chamber outside 
wall temperature 
Mliq g/s 
Mass flow rate of 
refrigerant/oil exiting 
suction accumulator 
Tcri oC Refrigerant temperature at evaporator inlet 
Moil g/s Mass flow rate of oil Tcro oC Refrigerant temperature at evaporator outlet 
mr g/s Mass flow rate of refrigerant Tdpci 
oC Dew point temperature at evaporator inlet 
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Table B-12 Input variables to the MHP1R744 EES data reduction model (continued). 
Input  
Variable 
Units Description Input  
Variable 
Units Description 
Tdpei oC Dew point temperature at gas cooler inlet Tgo2 
oC Outlet glycol temperature for second glycol system  
Teai oC Air temperature at gas cooler inlet Tori 
oC Refrigerant temperature at expansion device inlet 
Teao oC Air temperature at gas cooler outlet Tosri 
oC Oil temperature at oil separator inlet 
Teic oC Gas cooler chamber inside 
ceiling temperature 
Tosro oC Oil temperature at oil 
separator outlet 
Teif oC Gas cooler chamber inside 
floor temperature 
Trcpi oC Refrigerant temperature at 
compressor inlet 
Teiw oC Gas cooler chamber inside wall temperature Trcpo 
oC Refrigerant temperature at compressor outlet 
Ten1 oC Air temperature at first gas cooler nozzle Ts 
oC Steam temperature 
Ten2 oC Air temperature at second gas cooler nozzle Tshri 
oC Low-side refrigerant temperature at SLHX inlet 
Teoc oC Gas cooler chamber outside ceiling temperature Tshro 
oC Low-side refrigerant temperature at SLHX outlet 
Teof oC Gas cooler chamber outside floor temperature Tw 
oC Condensate temperature 
Teow oC Gas cooler chamber outside wall temperature Vc rpm Compressor speed 
Teri oC Refrigerant temperature at gas cooler inlet Wc W 
Evaporator chamber energy 
input – primary blower, 
heaters, and lights  
Tero oC Refrigerant temperature at gas cooler outlet Wc2 W 
Evaporator chamber energy 
input – secondary blower 
Tgi oC Inlet glycol temperature for first glycol system  We W 
Gas cooler chamber energy 
input – Blower, heaters, and 
lights  
Tgi2 oC Inlet glycol temperature for second glycol system  Xoil - 
Oil concentration in 
refrigerant 
Tgo oC Outlet glycol temperature for first glycol system     
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Table B-13 Variables output by the MHP1R744 EES data reduction model. 
Output  
Variable 
Units Description Output  
Variable 
Units Description 
a1File$ - Filename h_compin kJ/kg Refrigerant enthalpy at compressor inlet 
AFR_scfm_ 
indoor 
scfm  Gas cooler air flow rate h_compout kJ/kg Refrigerant enthalpy at compressor outlet 
AFR_scfm_ 
outdoor 
scfm  Evaporator air flow rate h_liq kJ/kg Saturated liquid enthalpy for refrigerant 
DT_sup oC Evaporator superheat h_vap kJ/kg Saturated vapor enthalpy for refrigerant 
epsilon_ihx - Effectiveness of SLHX Ma_indoor kg/s Mass flow rate of air across gas cooler 
eta_c - Compressor isentropic efficiency Ma_outdoor kg/s 
Mass flow rate of ari 
across evaporator 
eta_v - Compressor volumetric efficiency P_ratio - Compression ratio 
hcai kJ/kg Air enthalpy at evaporator inlet Qindoor_air kW 
Gas cooler airside 
balance 
hcan kJ/kg Air enthalpy at evaporator 
nozzles 
Qindoor_chamber kW Gas cooler chamber 
balance 
hcro_air kJ/kg 





(gas cooler chamber) 
hcro_chamber kJ/kg 
Refrigerant enthalpy at 
evaporator outlet 
(chamber balance) 
Qindoor_ref kW Gas cooler refrigerant balance 
heai kJ/kg Air enthalpy at gas cooler inlet Qindoor_walls  kW 
Transmission losses 
through gas cooler 
chamber 
hean kJ/kg Air enthalpy at gas cooler nozzles Qoutdoor_air kW 
Evaporator airside 
balance 
heri kJ/kg Refrigerant enthalpy at gas cooler inlet Qoutdoor_chamber kW 
Evaporator chamber 
balance 
hero kJ/kg Refrigerant enthalpy at gas cooler outlet Qoutdoor_glycol kW 
Glycol capacity 
(evaporator chamber) 




















hshro kJ/kg Low-side refrigerant enthalpy at SLHX outlet Re_c1 - 
Evaporator air Reynolds 
number at first nozzle 
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Table B-14 Variables output by the MHP1R744 EES data reduction model (continued). 
Output  
Variable 
Units Description Output  
Variable 
Units Description 
Re_c2 - Evaporator air Reynolds number at second nozzle Vn_c2 m
3/kg Specific volume of air at second evaporator nozzle 
Re_e1 - Gas cooler air Reynolds number at first nozzle Vn_e1 m
3/kg Specific volume of air at first gas cooler nozzle 
Re_e2 - Gas cooler air Reynolds number at second nozzle Vn_e2 m
3/kg Specific volume of air at second gas cooler nozzle 
Rhci % Relative humidity at 
evaporator inlet 
Wci kg/kg Humidity ratio of air at 
evaporator inlet 
Rhei % Relative humidity at gas 
cooler inlet 
Wei kg/kg Humidity ratio of air at 
gas cooler inlet 
Vel_c1 m/s  Air velocity at first evaporator nozzle W_comp kW Compressor work 
Vel_c2 m/s  Air velocity at second evaporator nozzle Xoil - 
Concentration of oil in 
refrigerant 
Vel_e1 m/s  Air velocity at first gas cooler nozzle X_in - 
Refrigerant quality at 
evaporator inlet 
Vel_e2 m/s  Air velocity at second gas cooler nozzle X_out_air - 
Refrigerant quality at 
evaporator outlet 
(airside balance) 
VersionDate - Date of EES model verision date X_out_chamber - 
Refrigerant quality at 
evaporator outlet 
(chamber balance) 
Vn_c1 m3/kg Specific volume of air at first evaporator nozzle    
 
Table B-15 Constants used in the MHP1R744 EES data reduction model. 
Constant Units Description 
CDc - Evaporator nozzle discharge coefficient 
CDe - Gas cooler nozzle discharge coefficient 
D_c1 m Diameter of first evaporator nozzle 
D_c2 m Diameter of second evaporator nozzle 
D_e1 m Diameter of first gas cooler nozzle 
D_e2 m Diameter of second gas cooler nozzle 
V_disp cm3 Compressor displacement volume 
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This procedure calculates air flow rates and velocities through the nozzles. 
----------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
----------------------------------------------------------------------------------------------------------- 
Inputs: 
CDguess  nozzle discharge coefficient guess 
D    nozzle throat diameter, [m] 
Tn    nozzle temperature, [C] 
Pn    nozzle entrance pressure, [kPa] 
DPn    pressure drop across nozzle, [Pa] 
Wn    humidity ratio at nozzle 
 
Outputs: 
Ma_wet   wet air mass flow rate, [kg/s] 
Ma_dry   dry air mass flow rate, [kg/s] 
Q_m3    volumetric flow rate, [m^3/s] 
Q_scfm   volumetric flow rate, [scfm] 
Vel    air velocity through nozzle, [m/s] 
Vn     specific volume of air at nozzle, [m^3/kg] 
Re    Reynolds Number at nozzle 
CDnew   discharge coefficient corresponding to Reynolds Number 
---------------------------------------------------------------------------------------------------------} 
 
procedure AirFlowRate(Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_m3, Q_scfm, Vel, Vn, 
Re, CDold) 
 $Common ENN 
 An = pi * D^2/4       " nozzle throat area, [m^2] " 
 Vn = (Po#/Pn) * VOLUME(Air, T = Tn, P = PO#)/(1+Wn) 
 CDnew = CDguess 
 repeat        " iterate to find proper discharge coefficient " 
  CDold = CDnew 
  Q_m3 = CDold * An * (2 * DPn * Vn)^0.5 
  Q_scfm = Q_m3/(1.2 * Vn) * convert(m^3/s, ft^3/min) 
  Vel = Q_m3/An 
  Ma_wet = Q_m3/Vn  
  Ma_dry = Ma_wet/(1+Wn) 
  rho = DENSITY(Air, T = Tn, P = Pn)  " air density at nozzle, [kg/m^3] " 
  mu = VISCOSITY(Air, T = Tn)   " air viscosity at nozzle, [kg/m-sec] " 
  Re = rho * Vel * D/mu  
  " discharge coefficient correlation " 
 CDnew = .9986 - 7.006/Re^.5 + 134.6/Re      
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_m3 = 0 
  Q_scfm = 0 
  Vel = 0 
  Vn = 0 
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  Re = 0 










Called by: main program 
--------------------------------------------------------------------------------------------------------- 
Inputs: 
chiller    number telling wh ich chiller was used 
Mg     glycol mass flow rate, [g/s] 
Tgi     glycol inlet temperature, [C] 
Tgo     glycol outlet temperature, [C] 
Tif     floor temperature inside chamber, [C] 
Tof     floor temperature outside chamber, [C] 
Tic      ceiling temperature inside chamber, [C] 
Toc     ceiling temperature outside chamber, [C] 
Tiw     wall temperature inside chamber, [C] 
Tow    wall temperature outside chamber, [C] 
W     chamber electrical power 1, [W] 
W2     chamber electrical power 2, [W] 
 
Outputs: 
Q_tran    transmission losses to chamber walls, [kW] 
Q_glycol   glycol chiller cooling load, [kW] 
Q_hx    heat exchanger heat transfer, [kW] 
----------------------------------------------------------------------------------------------------------} 
 
procedure ChamberBalance(chiller, Mg, Tgi, Tgo, Tif, Tof, Tic, Toc, Tiw, Tow, W, W2 : Q_tran, Q_glycol, 
Q_hx) 
 " Mobile Chiller or No chiller" 
 IF (chiller = 1) OR (chiller = 0) THEN 
  " 47.6 weight% glycol-water mixture from FluidFile program, 6/02/00 " 
  Cpg1 = 3.303   
  Cpg2 = 0.003622 
  " 54.3 weight% glycol-water mixture from FluidFile program, 5/08/00 " 
  {Cpg1 = 3.16724  
    Cpg2 = 0.003955} 
 ENDIF 
 " Residential Chiller " 
 IF (chiller = 2) THEN 
  " 51.7 weight% glycol-water mixture from FluidFile program, 5/08/00 " 
  Cpg1 = 3.221   
  Cpg2 = 0.003829 
 ENDIF 
 
 hgi = (Cpg1 * Tgi + Cpg2 * Tgi^2/2)/1000    " inlet glycol enthalpy, [kJ/kg] " 
 hgo = (Cpg1 * Tgo + Cpg2 * Tgo^2/2)/1000   " outlet glycol enthalpy, [kJ/kg] " 
 Q_tran = (0.6571 * 7.576 * (Tif - Tof) + 0.2197 * 7.576 * (Tic - Toc) + 0.073 * (8.701 + 5.230) * (Tiw - 
Tow))/1000 
 Q_glycol = Mg * (hgo - hgi) 
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This procedure calculates the various compressor efficiencies. 
----------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
---------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr     refrigerant mass flow rate in compressor, [g/s] 
Tri     refrigerant inlet temperature, [C] 
Pri     refrigerant inlet pressure, [C] 
Tro     refrigerant outlet temperature, [C] 
Pro      refrigerant outlet pressure, [C] 
W_comp    compressor work, [kW] 
Vc     compressor speed, [rpm] 
V_disp    compressor displacement volume, [cc] 
Outputs: 
h_in    inlet refrigerant enthalpy, [kJ/kg] 
h_out    outlet refrigerant enthalpy, [kJ/kg] 
eta_c    compression efficiency 
eta_v    volumetric efficiency 
--------------------------------------------------------------------------------------------------------} 
 
procedure Efficiency(Mr, Tri, Pri, Tro, Pro,  W_comp, Vc, V_disp : h_in, h_out, eta_c, eta_v) 
 " Isentropic Efficiency " 
 h_in = ENTHALPY(CarbonDioxide, T = Tri, P = Pri)  
  " inlet refrigerant entropy, [kJ/kg-K] " 
 s_in = ENTROPY(CarbonDioxide, T = Tri, P = Pri)     
  " isentropic outlet refrigerant enthalpy, [kJ/kg] " 
 h_out_isen = ENTHALPY(CarbonDioxide, P = Pro, s = s_in)   
 h_out = ENTHALPY(CarbonDioxide, T = Tro, P = Pro) 
 eta_c = (Mr/1000) * (h_out_isen - h_in)/W_comp  
 
 " Volumetric Efficiency " 
  " inlet refrigerant specific volume, [m^3/kg] " 
 v_in = VOLUME(CarbonDioxide, T = Tri, P = Pri)    
  " refrigerant displacement rate, [L/s] " 
 Vdot_c = Mr * v_in          
















VersionDate = 060500  " Date of Revision " 
 
{These variables may need to be updated depending on the current system status --------- 
----------------------------------------------------------------------------------------------------------} 
 
Xoil = 0.035    " oil concentration " 
V_disp = 20.7    " compressor displacement volume, [cc] " 
{Outdoor Chamber Calculations ----------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
Pcri = Pcro + DPcr  " inlet pressure (absolute), kPa " 
 
" Chamber Humidity " 
Rhci = RelHum(AirH2O, P = Patm, T = Tcai, D = Tdpci) 
Wci = HumRat(AirH2O, P = Patm, T = Tcai, D = Tdpci) 
 
" Air Flow Rate Parameters " 
Pcn = Patm - DPca/1000      " air pressure at nozzle entrance, [kPa] " 
CDc = 0.99          " discharge coefficient guess value " 
D_c1 = 0.15250 { 6" }       " nozzle 1 diameter, [m] " 
D_c2 = 0.15250 { 6" }       " nozzle 2 diameter, [m] " 
Tcn = (Tcn1 + Tcn2)/2       " average nozzle temperature, [C] " 
 
" Air Flow Rates Through Nozzles " 
Call AirFlowRate('c1', CDc, D_c1, Tcn1, Pcn, DPcn, Wci : ma_wet_c1, ma_dry_c1, AFR_m3_c1, 
AFR_scfm_c1, Vel_c1, Vn_c1, Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn2, Pcn, DPcn, Wci : ma_wet_c2, ma_dry_c2, AFR_m3_c2, 
AFR_scfm_c2, Vel_c2, Vn_c2, Re_c2, CDc2) 
 
" Total Air Flow Rates " 
 " total dry air mass flow rate, [kg/s] " 
Ma_outdoor = ma_dry_c1 + ma_dry_c2      
 " total volumetric air flow rate, [m^3/s] " 
AFR_m3_outdoor = AFR_m3_c1 + AFR_m3_c2    
 " total volumetric air flow rate, [scfm] " 
AFR_scfm_outdoor = AFR_scfm_c1 + AFR_scfm_c2   
 
" Air-Side Energy Balance " 
 " inlet air enthalpy, [kJ/kg] " 
hcai = ENTHALPY(AirH2O, T = Tcai, P = Patm, R = Rhci)  
 " nozzle air enthalpy, [kJ/kg] " 
hcan = ENTHALPY(AirH2O, T = Tcn, P = Pcn, w = Wci)   
Qoutdoor_air = Ma_outdoor * (hcai - hcan) 
 
" Refrigerant-Side Energy Balance " 
hori = ENTHALPY(CarbonDioxide, P = Pero, T = Tori) 
Qoutdoor_air = Mr * (hcro_air - hori)/1000 
Qoutdoor_chamber = Mr * (hcro_chamber - hori)/1000 
 
" Refrigerant Quality " 
T_sat = TEMPERATURE(CarbonDioxide, P = Pcro, x = 0.5) 
DT_sup = Tcro - T_sat 
h_liq = ENTHALPY(CarbonDioxide, T = T_sat, x = 0) 
h_vap = ENTHALPY(CarbonDioxide, T = T_sat, x = 1) 
X_in = (hori - h_liq)/(h_vap - h_liq) 
X_out_air = (hcro_air - h_liq)/(h_vap - h_liq) 
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X_out_chamber = (hcro_chamber - h_liq)/(h_vap - h_liq) 
 
" Chamber Energy Balance "  
Mg_outdoor = IF(outdoor, 1, 0, Mg, 0) 
Call ChamberBalance(outdoor, Mg_outdoor, Tgi, Tgo, Tcif, Tcof, Tcic, Tcoc, Tciw, Tcow, Wc, Wc2 : 
Qoutdoor_walls, Qoutdoor_glycol, Qoutdoor_chamber) 
 
" Error Calculations " 
ErrOutdoor_air = (Qoutdoor_air - Qoutdoor_chamber)/Qoutdoor_chamber * 100 
 
{Indoor Chamber Calculations ------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
Peri = Pero + DPer  " inlet pressure (absolute), kPa " 
 
" Chamber Humidity " 
 " inlet relative humidity " 
Rhei = RELHUM(AirH2O, T = Teai, P = Patm, D = Tdpei)   
 " inlet humidity ratio " 
Wei = HUMRAT(AirH2O, T = Teai, P = Patm, D = Tdpei)   
 
" Air Flow Rate Parameters " 
Pen = Patm - DPea/1000      " air pressure at nozzle entrance, [kPa] " 
CDe = 0.975         " discharge coefficient guess value " 
D_e1 = 0.06342 { 2.5" }       " nozzle 1 (North Side) diameter, [m] " 
D_e2 = 0.06348 { 2.5" }       " nozzle 2 (South Side) diameter, [m] " 
Ten = (Ten1 + Ten2)/2       " average nozzle temperature, [C] " 
 
" Air Flow Rates Through Nozzles " 
Call AirFlowRate('e1', CDe, D_e1, Ten1, Pen, DPen, Wei : Ma_wet_e1, Ma_dry_e1, AFR_m3_e1, 
AFR_scfm_e1, Vel_e1, Vn_e1, Re_e1, CDe1) 
Call AirFlowRate('e2', CDe, D_e2, Ten2, Pen, DPen, Wei : Ma_wet_e2, Ma_dry_e2, AFR_m3_e2, 
AFR_scfm_e2, Vel_e2, Vn_e2, Re_e2, CDe2) 
 
" Total Air Flow Rates " 
 " total dry air mass flow rate, [kg/s] " 
Ma_indoor = Ma_dry_e1 + Ma_dry_e2      
 " total volumetric air flow rate, [m^3/s] " 
AFR_m3_indoor = AFR_m3_e1 + AFR_m3_e2    
 " total volumetric air flow rate, [scfm] " 
AFR_scfm_indoor = AFR_scfm_e1 + AFR_scfm_e2   
 
 
" Air-Side Energy Balance " 
 " inlet air enthalpy, [kJ/kg] " 
heai = ENTHALPY(AirH2O, T = Teai, P = Patm, R = Rhei)  
 " nozzle air enthalpy, [kJ/kg] " 
hean = ENTHALPY(AirH2O, T = Ten, P = Pen, w = Wei)  
Qindoor_air = Ma_indoor * (hean - heai) 
" Refrigerant-Side Energy Balance " 
heri = ENTHALPY(CarbonDioxide, T = Teri, P = Peri) 
hero = ENTHALPY(CarbonDioxide, T = Tero, P = Pero) 
Qindoor_ref = Mr * (heri - hero)/1000 
 
" Chamber Energy Balance " 
Mg_indoor = IF(indoor, 1, 0, Mg, Mg2) 
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Call ChamberBalance(indoor, Mg_indoor, Tgi2, Tgo2, Teif, Teof, Teic, Teoc, Teiw, Teow, We, 0 : 
Qindoor_walls, Qindoor_glycol, Qindoor_chamber) 
 
" Error Calculations " 
ErrIndoor_air = (Qindoor_air - Qindoor_chamber)/Qindoor_chamber * 100 
ErrIndoor_ref = (Qindoor_ref - Qindoor_chamber)/Qindoor_chamber * 100 
 
 
{Internal Heat Exchanger Calculations ---------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
 " suction-side outlet enthalpy " 
hshro = ENTHALPY(CarbonDioxide, P = Pcro, T = Tshro)  
 " heat exchanger suction-side capacity "  
Q_ihx_suc = Mr * (hshro - hcro_air)/1000      
 " heat exchanger liquid-side capacity " 
Q_ihx_liq = Mr * (hero - hori)/1000       
 " heat exchanger effectiveness " 





P_ratio = Prcpo/Prcpi  " compression ratio " 
" Compressor Shaft Work " 
W_comp = (Fc * convert(lbf-in, N-m)) * (Vc * convert(rev/min, rad/s))/1000 
 
" Efficiency Calculations " 





HPF_indoor_air = Qindoor_air/W_comp  
HPF_indoor_chamber = Qindoor_chamber/W_comp  
HPF_outdoor_air = Qoutdoor_air/W_comp + 1 
























































































a2Time$='Thu 29/Jun/2000 18:38:05' 
a3Comp$='Denso - Machined 2' 
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B.4 MHP2R744 EES Model 
Table B-16 Input variables to the MHP2R744 EES model. 
Input  
Variable 
Units Description Input  
Variable 
Units Description 
a1File$ - Filename Patm kPa Atmospheric pressure 
Deng g/cm3 Density of first glycol stream  Pcc kPa Refrigerant pressure at compressor crankcase 
Deng2 g/cm3 Density of second glycol stream  Pcro kPa Refrigerant pressure at evaporator outlet 
DenLiq g/cm3 Refrigerant/oil density liquid exiting suction accumulator Pero kPa 
Refrigerant pressure at gas 
cooler outlet 
DenOIL g/cm3 Oil density Prcpi kPa Refrigerant pressure at compressor inlet 
Denr g/cm3 Refrigerant density Prcpo kPa Refrigerant pressure at compressor outlet 
DPca Pa Airside pressure drop across evaporator Pshri kPa 
Low-side refrigerant pressure at 
SLHX inlet 
DPcn Pa Airside pressure drop across evaporator nozzles Pshri2 kPa 
High-side refrigerant pressure at 
SLHX inlet 
DPcr kPa Refrigerant pressure drop across evaporator Pshro kPa 
Low-side refrigerant pressure at 
SLHX outlet 
DPea Pa Airside pressure drop across gas cooler Pshro2 kPa 
High-side refrigerant pressure at 
SLHX outlet 
DPen Pa Airside pressure drop across gas cooler nozzles Tcai 
oC Air temperature at evaporator inlet 
DPer kPa Refrigerant pressure drop 
across gas cooler 
Tcic oC Evaporator chamber inside 
ceiling temperature 
ENN - Number of nozzles used in gas 
cooler chamber 
Tcif oC Evaporator chamber inside floor 
temperature 
Fc in-lb Compressor torque Tciw oC Evaporator chamber inside wall temperature 
indoor - 
Indicator of glycol system 
servicing gas cooler chamber 
(0 – no service) 
Tcn1 oC Air temperature at throat of first evaporator nozzle 
Mg g/s Mass flow rate of glycol for first glycol system  Tcn2 
oC Air temperature at throat of second evaporator nozzle 
Mg2 g/s Mass flow rate of glycol for second glycol system  Tcoc 
oC Evaporator chamber outside ceiling temperature 
Mliq g/s Mass flow rate of refrigerant/oil 
exiting suction accumulator 
Tcof oC Evaporator chamber outside 
floor temperature 
Moil g/s Mass flow rate of oil Tcow oC Evaporator chamber outside 
wall temperature 
Mr g/s Mass flow rate of refrigerant Tcri oC Refrigerant temperature at evaporator inlet 
outdoor - 
Indicator of glycol system 
servicing evaporator chamber 
(0 – no service) 
Tcro oC Refrigerant temperature at first evaporator outlet 
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Table B-17 Input variables to the MHP2R744 EES model (continued). 
Input  
Variable 





at second evaporator 
outlet 
Tgi oC Inlet glycol temperature of first glycol system  
Tdpci oC Dew point temperature at 
evaporator inlet 
Tgi2 oC Inlet glycol temperature of 
second glycol system  
Tdpei oC Dew point temperature at gas cooler inlet Tgo 
oC Outlet glycol temperature of first glycol system 
Teai oC Air temperature at gas cooler inlet Tgo2 
oC Outlet glycol temperature of second glycol system  
Teao oC Air temperature at gas cooler outlet Tori 
oC Refrigerant temperature at expansion device inlet 
Teic oC 
Gas cooler chamber 
inside ceiling 
temperature 
Trcpi oC Refrigerant temperature at compressor inlet 
Teif oC Gas cooler chamber inside floor temperature Trcpo 
oC Refrigerant temperature at compressor outlet 
Teiw oC Gas cooler chamber inside wall temperature Ts 
oC Steam temperature 
Ten1 oC 
Air temperature at the 
throat of first gas cooler 
nozzle 
Tshri oC Low-side refrigerant temperature at SLHX inlet 
Ten2 oC 
Air temperature at the 
throat of second gas 
cooler nozzle 
Tshri2 oC High-side refrigerant 
temperature at SLHX inlet 
Teoc oC 





temperature at SLHX 
outlet 
Teof oC Gas cooler chamber outside floor temperature Tshro2 
oC 
High-side refrigerant 
temperature at SLHX 
outlet 
Teow oC Gas cooler chamber outside wall temperature Vc rpm Compressor speed 
Teri oC Refrigerant temperature at gas cooler inlet Wc W 
Evaporator chamber 
energy input - primary 
blower, heaters, and lights  
Tero oC Refrigerant temperature at first gas cooler outlet Wc2 W 
Evaporator chamber 




at second gas cooler 
outlet 
We W 
Gas cooler chamber 
energy input – blower, 
heaters, and lights  
Tero2 oC Refrigerant temperature at third gas cooler outlet Xoil - 
Oil concentration in 
refrigerant 
Tero3 oC Refrigerant temperature at forth gas cooler outlet    
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Table B-18 Variables output by the MHP2R744 EES data reduction model. 
Outut  
Varible 
Units Description Outut  
Varible 
Units Description 
AFR_scfm_indoor scfm  Gas cooler air flow rate hori kJ/kg 
Refrigerant enthalpy 
expansion device inlet 
AFR_scfm_outdoor scfm  Evaporator air flow rate hshri kJ/kg 
Low-side refrigerant 
enthalpy at SLHX inlet 
Conc % Concentration of first glycol system  hshri2 kJ/kg 
High-side refrigerant 
enthalpy at SLHX inlet 
Conc2 % Concentration of 
second glycol system  
Hshro kJ/kg Low-side refrigerant 





hshro2 kJ/kg High-side refrigerant 






h_compin kJ/kg Refrigerant enthalpy at compressor inlet 
DT_sup oC Evaporator superheat h_compout kJ/kg Refrigerant enthalpy at compressor outlet 
eta_c - Compressor isentropic efficiency h_liq kJ/kg 
Saturated liquid enthalpy 
for refrigerant 
eta_v - Compressor volumetric efficiency h_vap kJ/kg 
Saturated vapor enthalpy 
for refrigerant 
hcai kJ/kg Air enthalpy at evaporator inlet Ma_indoor_dry kg/s 
Mass flow rate of dry air 
across gas cooler 
hcan kJ/kg Air enthalpy at evaporator nozzles Ma_indoor_wet kg/s 
Mass flow rate of wet air 
across gas cooler 
hcri kJ/kg Refrigerant enthalpy at evaporator inlet Ma_outdoor kg/s 




at evaporator outlet 
(airside balance) 
P_ratio - Compression ratio 
hcro_chamber kJ/kg 
Refrigerant enthalpy 
at evaporator outlet 
(chamber balance) 
Qindoor_air kW Gas cooler airside balance 
heai kJ/kg Air enthalpy at gas cooler inlet 
Qindoor_chambe
r kW 
Gas cooler chamber 
balance 
hean kJ/kg Air enthalpy at gas 
cooler nozzles 
Qindoor_Ref kW Gas cooler refrigerant 
balance 
heri kJ/kg Refrigerant enthalpy 
at gas cooler inlet 
Qindoor_walls  kW 
Transmission losses 
through gas cooler 
chamber 





Table B-19 Variables output by the MHP2R744 EES data reduction model (continued). 
Outut Varible Units Description Outut Varible Units Description 
Qoutdoor_chamber kW Evaporator chamber balance Vel_e1 m/s  





Vel_e2 m/s  Air velocity at second gas cooler nozzle 
Qoutdoor_Ref_IHX kW Evaporator refrigerant balance VersionDate - EES model version date 




Vn_c1 m3/kg Specific volume of air at first evaporator nozzle 
Re_c1 - Evaporator air Reynolds number at first nozzle Vn_c2 m
3/kg 
Specific volume of air at 
second evaporator 
nozzle 
Re_c2 - Evaporator air Reynolds number at second nozzle Vn_e1 m
3/kg Specific volume of air at first gas cooler nozzle 
Re_e1 - Gas cooler air Reynolds number at first nozzle Vn_e2 m
3/kg 
Specific volume of air at 
second gas cooler 
nozzle 
Re_e2 - Gas cooler air Reyonlds number at second nozzle Wci kg/kg 
Humidity ratio at 
evaporator inlet 
Rhci % Relative humidity at evaporator inlet Wei kg/kg 
Humidity ratio at gas 
cooler inlet 
Rhei % Relative humidity at gas cooler inlet Wen kg/kg 
Humidity ratio at gas 
cooler nozzles 
Rhen % Relative humidity at gas cooler nozzles W_comp kW Compressor shaft work 
T_sat oC Evaporator saturation temperature X_in - 
Refrigerant quality at 
evaporator inlet 
Vel_c1 m/s  Air velocity at first evaporator nozzle X_out_air - 
Refrigerant quality at 
evaporator outlet 
(airside balance) 
Vel_c2 m/s  Air velocity at second evaporator nozzle X_out_chamber - 




Table B-20 Constants used in the MHP2R744 EES data reduction model. 
Constant Units Description 
CDc - Evaporator nozzle discharge coefficient 
CDe - Gas cooler nozzle discharge coefficient 
D_c1 m Diameter of first evaporator nozzle 
D_c2 m Diameter of second evaporator nozzle 
D_e1 m Diameter of first gas cooler nozzle 
D_e2 m Diameter of second gas cooler nozzle 
V_disp cm3 Compressor displacement volume 
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This procedure calculates air flow rates and velocities through the nozzles. 
----------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
----------------------------------------------------------------------------------------------------------- 
Inputs: 
CDguess  nozzle discharge coefficient guess 
D    nozzle throat diameter, [m] 
Tn    nozzle temperature, [C] 
Pn    nozzle entrance pressure, [kPa] 
DPn    pressure drop across nozzle, [Pa] 
Wn    humidity ratio at nozzle 
 
Outputs: 
Ma_wet   wet air mass flow rate, [kg/s] 
Ma_dry   dry air mass flow rate, [kg/s] 
Q_m3    volumetric flow rate, [m^3/s] 
Q_scfm   volumetric flow rate, [scfm] 
Vel    air velocity through nozzle, [m/s] 
Vn     specific volume of air at nozzle, [m^3/kg] 
Re    Reynolds Number at nozzle 
CDnew   discharge coefficient corresponding to Reynolds Number 
----------------------------------------------------------------------------------------------------------} 
 
procedure AirFlowRate(Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_m3, Q_scfm, Vel, Vn, 
Re, CDold) 
 $Common ENN 
 An = pi * D^2/4          " nozzle throat area, [m^2] " 
 Vn = (Po#/Pn) * VOLUME(AIR, T = Tn, P = PO#)/(1+Wn) 
 CDnew = CDguess 
 repeat        " iterate to find proper discharge coefficient " 
  CDold = CDnew 
  Q_m3 = CDold * An * (2 * DPn * Vn)^0.5 
  Q_scfm = Q_m3/(1.2 * Vn) * convert(m^3/s, ft^3/min) 
  Vel = Q_m3/An 
  Ma_wet = Q_m3/Vn  
  Ma_dry = Ma_wet/(1+Wn) 
  rho = DENSITY(AIR, T = Tn, P = Pn)  " air density at nozzle, [kg/m^3] " 
  mu = VISCOSITY(AIR, T = Tn)   " air viscosity at nozzle, [kg/m-sec] " 
  Re = rho * Vel * D/mu  
   " discharge coefficient correlation " 
  CDnew = .9986 - 7.006/Re^.5 + 134.6/Re      
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_m3 = 0 
  Q_scfm = 0 
  Vel = 0 
  Vn = 0 
  Re = 0 
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Called by: main program 
----------------------------------------------------------------------------------------------------------- 
Inputs: 
chamber  number telling which chamber balance to use: 1->outdoor, 2->indoor 
chiller   number telling which chiller was used 
Cpgi  glycol inlet specific heat – from BRINEPROP  
Cpgo   glycol outlet specific heat – from BRINEPROP 
Mg    glycol mass flow rate, [g/s] 
Tgi    glycol inlet temperature, [C] 
Tgo    glycol outlet temperature, [C] 
Tif    floor temperature inside chamber, [C] 
Tof    floor temperature outside chamber, [C] 
Tic     ceiling temperature inside chamber, [C] 
Toc    ceiling temperature outside chamber, [C] 
Tiw    wall temperature inside chamber, [C] 
Tow   wall temperature outside chamber, [C] 
W    chamber electrical power 1, [W] 
W2    chamber electrical power 2, [W] 
 
Outputs: 
Q_tran   transmission losses to chamber walls, [kW] 
Q_glycol  glycol chiller cooling load, [kW] 
Q_hx   heat exchanger heat transfer, [kW] 
---------------------------------------------------------------------------------------------------------} 
 
procedure IndoorChamberBalance(Cpgi, Cpgo, Mg, Tgi, Tgo,Tif, Tof, Tic, Toc, Tiw, Tow, W: Q_tran, Q_hx) 
  Q_tran = (0.6571 * 6.493 * (Tif - Tof) + 0.2197 * 6.493 * (Tic - Toc) + 0.073 * (8.701 + 4.483) * 
(Tiw - Tow))/1000 
  Cp_bar = (Cpgi + Cpgo) / 2 
  Q_glycol = Mg / 1000 * Cp_bar * ( Tgo - Tgi) 
  Q_hx = ABS(W/1000 - Q_glycol- Q_tran) 
END 
 
procedure OutdoorChamberBalance(Cpgi, Cpgo, Deng, Mg, Tgi, Tgo, Tif, Tof, Tic, Toc, Tiw, Tow, W, W2 : 
Q_tran, Q_glycol, Q_hx) 
 " Mobile Chiller or No chiller" 
   
  Cp_bar = (Cpgi + Cpgo) / 2 
  Q_glycol = Mg / 1000 * Cp_bar * ( Tgo - Tgi) 
  Q_tran = (0.6571 * 7.576 * (Tif - Tof) + 0.2197 * 7.576 * (Tic - Toc) + 0.073 * (8.701 + 5.230) * 
(Tiw - Tow))/1000 







This procedure calculates the various compressor efficiencies. 
---------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
---------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr     refrigerant mass flow rate in compressor, [g/s] 
Tri     refrigerant inlet temperature, [C] 
Pri     refrigerant inlet pressure, [C] 
Tro     refrigerant outlet temperature, [C] 
Pro      refrigerant outlet pressure, [C] 
W_comp    compressor work, [kW] 
Vc     compressor speed, [rpm] 





h_in    inlet refrigerant enthalpy, [kJ/kg] 
h_out    outlet refrigerant enthalpy, [kJ/kg] 
eta_c    compression efficiency 
eta_v    volumetric efficiency 
----------------------------------------------------------------------------------------------------------} 
procedure Efficiency(Mr, Tri, Pri, Tro, Pro,  W_comp , Vc, V_disp : h_in, h_out, eta_c, eta_v) 
 " Isentropic Efficiency " 
 h_in = ENTHALPY(CARBONDIOXIDE, T = Tri, P = Pri)  
  " inlet refrigerant entropy, [kJ/kg-K] " 
 s_in = ENTROPY(CARBONDIOXIDE, T = Tri, P = Pri)      
  " isentropic outlet refrigerant enthalpy, [kJ/kg] " 
 h_out_isen = ENTHALPY(CARBONDIOXIDE, P = Pro, s = s_in)  
 h_out = ENTHALPY(CARBONDIOXIDE, T = Tro, P = Pro) 
 eta_c = (Mr/1000) * (h_out_isen - h_in)/W_comp  
 
 " Volumetric Efficiency " 
  " inlet refrigerant specific volume, [m^3/kg] " 
 v_in = VOLUME(CARBONDIOXIDE, T = Tri, P = Pri)      
  " refrigerant displacement rate, [L/s] " 
 Vdot_c = Mr * v_in          















VersionDate = 080400  " Date of Revision " 
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{ENN=2} 
{These variables may need to be updated depending on the current system status --------- 
----------------------------------------------------------------------------------------------------------} 
 
Xoil = 0.035    " oil concentration " 
V_disp = 33    " compressor displacement volume, [cc] " 
 
{Outdoor Chamber Calculations ----------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
Pcri = Pcro + DPcr  " inlet pressure (absolute), kPa " 
 
" Chamber Humidity " 
 " inlet relative humidity " 
Rhci = RELHUM(AIRH2O, T = Tcai, P = Patm, D = Tdpci)   
 " humidity ratio at inlet " 
Wci = HumRat(AIRH2O, P = Patm, T = Tcai, R = Rhci)   
 
" Air Flow Rate Parameters " 
Pcn = Patm - DPca/1000-DPcn/1000   " air pressure at nozzle entrance, [kPa] " 
CDc = 0.99         " discharge coefficient guess value " 
D_c1 = 0.15250 { 6" }      " nozzle 1 diameter, [m] " 
D_c2 = 0.15250 { 6" }      " nozzle 2 diameter, [m] " 
Tcn = (Tcn1 + Tcn2)/2      " average nozzle temperature, [C] " 
 
" Air Flow Rates Through Nozzles " 
CALL AirFlowRate('c1', CDc, D_c1, Tcn1, Pcn, DPcn, Wci : ma_wet_c1, ma_dry_c1, AFR_m3_c1, 
AFR_scfm_c1, Vel_c1, Vn_c1, Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn2, Pcn, DPcn, Wci : ma_wet_c2, ma_dry_c2, AFR_m3_c2, 
AFR_scfm_c2, Vel_c2, Vn_c2, Re_c2, CDc2) 
 
" Total Air Flow Rates " 
 " total dry air mass flow rate, [kg/s] " 
Ma_outdoor = ma_wet_c1 + ma_wet_c2      
 " total volumetric air flow rate, [m^3/s] " 
AFR_m3_outdoor = AFR_m3_c1 + AFR_m3_c2    
 " total volumetric air flow rate, [scfm] " 
AFR_scfm_outdoor = AFR_scfm_c1 + AFR_scfm_c2   
 
" Air-Side Energy Balance " 
 " moist inlet air enthalpy, [kJ/kg] " 
hcai = ENTHALPY(AIRH2O, T = Tcai, P = Patm, R = Rhci)  
 " moist nozzle air enthalpy, [kJ/kg] " 
hcan = ENTHALPY(AIRH2O, T = Tcn, P = Pcn, w = Wci)  




" Refrigerant-Side Energy Balance " 
 " refrigerant inlet enthalpy, [kj/kg] " 
hcri = ENTHALPY(CARBONDIOXIDE, T = Tcri, x= X_in)  
" Refrigerant Quality " 
 " 2-phase saturation temperature, [C] " 
T_sat = TEMPERATURE(CARBONDIOXIDE, P = Pcro, x = 0.5)   
DT_sup = Tcro - T_sat          " superheat, [C] " 
 " saturated liquid enthalpy, [kJ/kg] " 
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h_liq = ENTHALPY(CARBONDIOXIDE, T = T_sat, x = 0)    
  
 
 " saturated vapor enthalpy, [kJ/kg] " 
h_vap = ENTHALPY(CARBONDIOXIDE, T = T_sat, x = 1)    
 " inlet quality " 
X_in = (hori - h_liq)/(h_vap - h_liq)         
 " outlet quality based on air-side balance " 
X_out_air = (hcro_air - h_liq)/(h_vap - h_liq)       
 " outlet quality based on chamber balance " 
X_out_chamber = (hcro_chamber - h_liq)/(h_vap - h_liq)    
 
Qoutdoor_air = Mr * (hcro_air - hori)/1000 
Qoutdoor_chamber = Mr * (hcro_chamber - hori)/1000 
 
CALL BRINEPROP('Density', 'EG', Conc, Tgi: Deng*1000) 
CALL BRINEPROP('SpecHeat', 'EG', Conc, Tgi: Cpgi) 
CALL BRINEPROP('SpecHeat', 'EG', Conc, Tgo: Cpgo) 
 
" Chamber Energy Balance "  
call OutdoorChamberBalance(Cpgi, Cpgo, Deng, Mg, Tgi, Tgo, Tcif, Tcof, Tcic, Tcoc, Tciw, Tcow, Wc, Wc2 
: Qoutdoor_walls, Qoutdoor_glycol, Qoutdoor_chamber) 
" Error Calculations " 
 
{Indoor Chamber Calculations ------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 
Peri = Pero + DPer  " inlet pressure (absolute), kPa " 
 
" Chamber Humidity " 
 " inlet relative humidity " 
Rhei = RELHUM(AIRH2O, T = Teai, P = Patm, D = Tdpei)   
 " relative humidity after nozzle " 
Rhen = RELHUM(AIRH2O, T = Ten, P = Pen, D = Tdpen)  
 " inlet humidity ratio " 
Wei = HUMRAT(AIRH2O, T = Teai, P = Patm, D = Tdpei)    
 " humidity ratio after nozzle " 
Wen = HUMRAT(AIRH2O, T = Ten, P = Pen, D = Tdpen)   
Wen=Wei 
" Air Flow Rate Parameters " 
Pen = Patm - DPea/1000-DPen/1000   " air pressure at nozzle entrance, [kPa] " 
CDe = 0.975        " discharge coefficient guess value " 
D_e1 = 0.06342 { 2.5" }      " nozzle 1 (North Side) diameter, [m] " 
D_e2 = 0.06348 { 2.5" }      " nozzle 2 (South Side) diameter, [m] " 
Ten = (Ten1 + Ten2)/2      " nozzle temperature, [C] " 
 
" Air Flow Rates Through Nozzles " 
CALL AirFlowRate('e1', CDe, D_e1, Ten1, Pen, DPen, Wen : ma_wet_e1, ma_dry_e1, AFR_m3_e1, 
AFR_scfm_e1, Vel_e1, Vn_e1, Re_e1, CDe1) 
Call AirFlowRate('e2', CDe, D_e2, Ten2, Pen, DPen, Wen: ma_wet_e2, ma_dry_e2, AFR_m3_e2, 
AFR_scfm_e2, Vel_e2, Vn_e2, Re_e2, CDe2) 
 
" Total Air Flow Rates " 
 " total dry air mass flow rate, [kg/s] " 
Ma_indoor_dry = ma_dry_e1 + ma_dry_e2     
 " total wet air mass flow rate, [kg/s] " 
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Ma_indoor_wet = ma_wet_e1 + ma_wet_e2 
 " total volumetric air flow rate, [m^3/s] " 
AFR_m3_indoor = AFR_m3_e1 + AFR_m3_e2    
 " total volumetric air flow rate, [scfm] " 
AFR_scfm_indoor = AFR_scfm_e1 + AFR_scfm_e2   
 
" Total Air-Side Heat Transfer " 
 " moist inlet air enthalpy, [kJ/kg] " 
heai = ENTHALPY(AIRH2O, T = Teai, P = Patm, R = Rhei)  
 " moist nozzle air enthalpy, [kJ/kg] " 
hean = ENTHALPY(AIRH2O, T = Ten, P = Pen, R = Rhen)  
Qindoor_air = Ma_indoor_dry * (hean- heai) 
 
" Refrigerant-Side Energy Balance " 
 " refrigerant enthalpy at expansion device, [kJ/kg] " 
hori = ENTHALPY(CARBONDIOXIDE, P = Pero, T = Tori)  
heri=ENTHALPY(CARBONDIOXIDE, P=Peri, T = Teri) 
hero=ENTHALPY(CARBONDIOXIDE, P=Pero, T = Tero) 
Qindoor_Ref=Mr*(heri-hero)/1000 
 
CALL BRINEPROP('Density', 'EG', Conc2, Tgi2: Deng2*1000) 
CALL BRINEPROP('SpecHeat', 'EG', Conc2, Tgi2: Cpgii) 
CALL BRINEPROP('SpecHeat', 'EG', Conc2, Tgo2: Cpgio) 
 
" Chamber Energy Balance " 
call IndoorChamberBalance(Cpgii, Cpgio, Mg2, Tgi2, Tgo2,Teif, Teof, Teic, Teoc, Teiw, Teow, We: 
Qindoor_walls, Qindoor_chamber) 
 
" Error Calculations " 
ErrIndoor_air = (Qindoor_air - Qindoor_chamber)/Qindoor_chamber * 100 
{ Evaporetor energy balance from IHX and EVAP assembly } 
 
Qoutdoor_Ref_IHX=Mr*(Hshro-hero)/1000 
 " suction-side outlet enthalpy, [kJ/kg] " 
Hshro = ENTHALPY(CARBONDIOXIDE, P = Prcpi, T = Trcpi)  
 
{Internal Heat Exchanger Calculations ---------------------------------------------------------------------------------------
-------------------------------------------------------------------------------} 
 " suction-side inlet enthalpy, [kJ/kg] " 
hshri = ENTHALPY(CARBONDIOXIDE, P = Pshri, T = Tshri)    
 " liquid-side inlet enthalpy, [kJ/kg] " 
hshri2 = ENTHALPY(CARBONDIOXIDE, P = Pshri2, T = Tshri2)  
 " liquid-side outlet enthalpy, [kJ/kg] " 
hshro2 = ENTHALPY(CARBONDIOXIDE, P = Pshro2, T = Tshro2) 
hsh_max= ENTHALPY(CARBONDIOXIDE, P = Pshri, T = Tshri2) 
 " heat exchanger suction-side capacity, [kW] " 
Q_ihx_suc = Mr * (Hshro - hshri)/1000        
 " heat exchanger liquid-side capacity, [kW] " 
Q_ihx_liq = Mr * (hshri2 - hshro2)/1000       
 " heat exchanger effectiveness " 





P_ratio = Prcpo/Prcpi  " compression ratio " 
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" Compressor Shaft Work " 
W_comp = (Fc * convert(lbf-in, N-m)) * (Vc * convert(rev/min, rad/s))/1000 
 
" Efficiency Calculations " 





COP_indoor_air = Qindoor_air/W_comp  
COP_indoor_chamber = Qindoor_chamber/W_comp  
 
COP_outdoor_air = Qoutdoor_air/W_comp +1 
COP_outdoor_chamber = Qoutdoor_chamber/W_comp +1 





























































































a2Time$='Sun 13/May/2001 23:46:46' 
a3Comp$='Obrist' 
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Appendix C – Summary of Experimental Results 
The following sections of this appendix provide a comprehensive set of experimental results for each of the 
systems described in chapters 3, 4, and 5.  The purpose of this appendix is to supplement the experimental results 
provided in the aforementioned chapters. 
The first section of this appendix provides data from steady-state tests described in chapter 3, which 
involved the testing of the R134a mobile a/c system (MACHFC) and the second-generation transcritical R744 a/c 
system (MAC2R744).  The second section provides data from steady-state tests described in chapter 4, which 
involved the testing of the first-generation transcritical R744 system (MAC1R744) and the second-generation 
transcritical R744 system (MAC2R744).  At the end of the second section T-h plots comparing MAC2R744 tests to 
MAC1R744 tests are given.  The last section provides data from steady-state tests described in chapter 5, which 
involved the testing of the first and second-generation transcritical mobile heat pump systems.   
Results shown in each section are presented in tabular form and categorized by system.  Data points that are 
shaded indicate an erroneous result.   
C.1 Experimental Results for the Second-Generation Transcritical R744 Mobile A/C System and 
the R134a Mobile A/C System 


























CH 3/29/00 2015 52.95 1.125 3.30 6.67 7.03 6.92 2.02 9.81 9.73 9.89 
CH_2 4/5/00 2019 49.08 1.119 3.19 6.65 6.91 6.58 2.08 9.54 9.41 9.63 
L2 4/2/00 1029 33.23 1.128 1.51 4.57 4.79 4.57 3.03 5.81 5.76 5.94 
L4 4/1/00 1029 35.18 1.097 1.63 4.27 4.59 4.39 2.62 5.68 5.63 5.88 
L4_dry 3/31/00 1032 37.03 0.825 1.54 3.58 3.75 4.58 2.32 5.13 5.20 6.02 
L5 4/3/00 1025 -6.08 -0.311 1.43 2.14 2.33 -0.71 1.49 3.17 3.47 -0.97 
L5_2 4/8/00 996 -4.59 -0.284 1.39 2.10 2.31 -0.53 1.51 3.10 3.33 -0.73 
L6 4/2/00 1026 38.32 0.613 1.63 3.25 3.44 4.42 1.99 4.52 4.96 5.96 
L6_2 4/10/00 997 37.86 0.605 1.57 3.32 3.55 4.38 2.12 4.42 4.55 5.94 
L6new 4/1/00 1030 37.41 1.019 1.74 4.06 4.32 4.35 2.33 5.45 5.64 5.88 
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L7 4/2/00 1035 40.81 1.045 1.97 4.11 4.43 4.50 2.09 5.76 6.12 6.27 
L7_2 4/7/00 1028 41.61 1.036 1.95 4.58 4.95 4.54 2.35 5.97 5.88 6.41 
L7_dry 3/31/00 1031 46.90 0.749 1.84 3.66 3.87 4.98 1.99 4.95 5.27 6.91 
LA 4/2/00 1028 40.06 0.963 1.92 4.05 4.43 4.27 2.11 5.41 5.72 5.98 
LA_dry 3/31/00 1032 38.40 0.528 1.77 3.17 3.28 4.12 1.79 4.33 5.23 5.68 
LB 4/2/00 1028 38.32 1.101 1.71 5.09 5.35 5.06 2.98 6.48 6.50 6.63 
D2 3/30/00 2019 44.45 1.147 2.91 5.71 6.12 6.09 1.96 8.59 8.57 8.67 
D4 3/30/00 2016 45.52 1.123 3.04 5.44 5.92 5.83 1.79 8.40 8.30 8.53 
D6new 4/1/00 2020 45.59 1.098 3.15 5.31 5.63 5.49 1.69 8.00 8.55 8.33 
D7 3/30/00 2011 54.45 1.072 3.60 5.99 6.36 6.17 1.67 9.00 9.72 9.42 
D7_dry 3/31/00 2019 43.74 1.067 3.19 4.41 4.73 4.73 1.38 7.06 8.19 7.55 
DA 3/30/00 2013 51.06 1.074 3.45 5.49 5.92 5.72 1.59 8.38 8.83 8.80 
DA_dry 3/31/00 2015 40.13 1.065 3.03 3.93 4.22 4.27 1.30 6.46 7.42 6.91 
DB 3/29/00 2017 52.63 1.125 3.30 6.61 7.08 6.87 2.01 9.77 9.87 9.84 
 
 
Table C-3 MAC2HFC steady-state compressor data. 























CH 3/29/00 2015 15.66 3.30 0.76 1.10 8.33 183 1527 367 7.1 81.1 
CH_2 4/5/00 2019 15.09 3.19 0.78 1.14 8.72 171 1491 358 16.4 90.3 
L2 4/2/00 1029 13.99 1.51 0.52 0.61 3.14 393 1233 362 15.7 68.0 
L4 4/1/00 1029 15.14 1.63 0.50 0.56 3.28 436 1429 381 13.5 69.5 
L4_dry 3/31/00 1032 14.28 1.54 0.61 0.71 4.36 313 1364 338 4.1 62.5 
L5 4/3/00 1025 13.35 1.43 0.01 0.01 4.43 316 1399 279 -1.4 62.4 
L5_2 4/8/00 996 13.33 1.39 0.46 0.51 5.07 276 1398 280 -1.3 62.8 
L6 4/2/00 1026 15.15 1.63 0.02 0.01 4.03 383 1543 347 4.7 66.8 
L6_2 4/10/00 997 14.98 1.57 0.55 0.61 4.52 335 1516 343 5.0 66.9 
L6new 4/1/00 1030 16.11 1.74 0.55 0.60 3.90 410 1599 397 11.5 70.3 
L7 4/2/00 1035 18.14 1.97 0.58 0.62 4.23 443 1874 459 21.0 81.0 
L7_2 4/7/00 1028 18.13 1.95 0.54 0.57 3.74 499 1868 456 22.1 81.9 
L7_dry 3/31/00 1031 17.08 1.84 0.56 0.60 4.57 397 1816 406 9.7 73.8 
LA 4/2/00 1028 17.81 1.92 0.59 0.65 4.56 408 1860 438 15.2 76.8 
LA_dry 3/31/00 1032 16.41 1.77 0.53 0.58 4.92 358 1761 378 7.1 72.0 
LB 4/2/00 1028 15.86 1.71 0.58 0.66 3.43 428 1468 422 22.3 75.0 
D2 3/30/00 2019 13.75 2.91 0.71 1.08 8.17 156 1275 310 3.1 77.0 
D4 3/30/00 2016 14.41 3.04 0.74 1.10 9.26 156 1441 321 3.8 80.6 
D6new 4/1/00 2020 14.90 3.15 0.75 1.10 10.41 154 1607 331 7.0 86.4 
D7 3/30/00 2011 17.07 3.60 0.69 0.88 8.48 228 1933 392 10. 6 91.1 
D7_dry 3/31/00 2019 15.07 3.19 0.74 1.07 12.22 147 1795 321 5.1 89.7 
DA 3/30/00 2013 16.38 3.45 0.74 1.02 10.12 184 1862 366 7.4 88.7 
DA_dry 3/31/00 2015 14.34 3.03 0.72 1.03 12.59 139 1749 297 2.5 89.1 
DB 3/29/00 2017 15.60 3.30 0.74 1.04 7.91 193 1524 365 7.3 81.3 
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CH 6.67 7.03 6.92 3.06 3.61 6.99 124 40. 8 24.3 16.0 12.2 0.14 1.36 
CH_2 6.65 6.91 6.58 3.06 3.58 7.05 125 40.6 24.3 16.8 12.1 0.14 1.36 
L2 4.57 4.79 4.57 1.48 3.09 8.47 156 32.4 16.9 14.3 9.9 0.17 0.66 
L4 4.27 4.59 4.39 1.33 2.93 8.50 155 32.4 16.9 14.6 10.8 0.17 0.59 
L4_dry 3.58 3.75 4.58 0.01 3.58 8.47 114 32.3 5.0 10.5 5.1 0.17 0.00 
L5 2.14 2.33 -0.71 0.52 1.62 4.93 53 21.3 7.0 3.7 0.4 0.10 0.23 
L5_2 2.10 2.31 -0.53 0.47 1.63 4.90 50 21.4 6.9 3.5 0.3 0.10 0.21 
L6 3.25 3.44 4.42 1.16 2.08 4.87 56 32.2 17.0 10.8 7.2 0.10 0.52 
L6_2 3.32 3.55 4.38 1.20 2.13 4.90 56 32.5 16.9 10.5 7.1 0.10 0.53 
L6new 4.06 4.32 4.35 1.20 2.86 8.50 155 32.4 16.9 15.2 11.7 0.17 0.53 
L7 4.11 4.43 4.50 1.20 2.91 8.50 157 38.1 21.9 20.4 16.8 0.17 0.53 
L7_2 4.58 4.95 4.54 1.64 2.94 8.44 150 37.7 22.0 19.7 16.6 0.17 0.72 
L7_dry 3.66 3.87 4.98 -0.01 3.67 8.52 114 37.6 10.3 15.2 10.4 0.17 0.00 
LA 4.05 4.43 4.27 1.65 2.40 8.50 158 32.5 20.6 17.7 15.0 0.17 0.73 
LA_dry 3.17 3.28 4.12 0.00 3.17 8.47 113 32.1 8.0 13.0 8.1 0.17 0.00 
LB 5.09 5.35 5.06 1.93 3.16 8.50 158 37.9 21.9 19.7 14.9 0.17 0.86 
D2 5.71 6.12 6.09 2.10 3.60 8.47 158 32.3 16.9 10.6 7.0 0.17 0.93 
D4 5.44 5.92 5.83 1.99 3.45 8.50 156 32.4 16.9 11.2 7.7 0.17 0.88 
D6new 5.31 5.63 5.49 1.87 3.44 8.50 158 32.3 16.9 12.0 8.3 0.17 0.83 
D7 5.99 6.36 6.17 2.45 3.55 8.44 157 38.0 22.0 17.2 13.7 0.17 1.08 
D7_dry 4.41 4.73 4.73 0.02 4.39 8.52 119 38.0 4.7 10.7 4.9 0.17 0.01 
DA 5.49 5.92 5.72 2.45 3.04 8.47 161 32.5 20.5 14.2 11.5 0.17 1.08 
DA_dry 3.93 4.22 4.27 0.01 3.92 8.52 117 32.4 2.3 7.9 2.4 0.17 0.00 
DB 6.61 7.08 6.87 2.84 3.77 8.50 161 38.0 22.0 15.7 12.2 0.17 1.26 
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CH 0.28 0.96 8.8 7.9 367 25 6.4 1.6 
CH_2 0.29 1.02 8.4 12.9 358 25 5.6 7.3 
L2 0.27 1.03 7.7 12.1 362 12 6.0 6.1 
L4 0.32 1.00 9.1 10.2 381 12 7.5 2.7 
L4_dry 0.33 0.93 5.7 5.3 338 11 4.0 1.3 
L5 0.37 0.93 -0.1 -0.5 279 9 -1.3 0.8 
L5_2 0.37 0.94 -0.1 -0.7 280 9 -1.2 0.6 
L6 0.37 0.96 6.3 5.9 347 11 4.8 1.1 
L6_2 0.36 0.99 6.0 5.5 343 11 4.4 1.1 
L6new 0.35 0.99 10.4 10.3 397 13 8.7 1.6 
L7 0.39 0.99 14.7 17.0 459 15 13.0 4.0 
L7_2 0.40 1.05 14.1 17.2 456 14 12.8 4.4 
L7_dry 0.40 0.99 10.8 10.3 406 12 9.4 1.0 
LA 0.40 1.01 13.3 13.3 438 14 11.7 1.6 
LA_dry 0.40 0.93 8.8 8.2 378 11 7.2 1.0 
LB 0.30 1.04 12.4 18.2 422 14 10.5 7.7 
D2 0.26 0.94 4.1 3.3 310 21 1.6 1.7 
D4 0.30 0.95 5.0 4.1 321 22 2.5 1.6 
D6new 0.34 0.99 6.0 5.6 331 23 3.4 2.2 
D7 0.37 0.99 11.2 10.6 392 27 8.3 2.3 
D7_dry 0.41 0.98 5.2 4.1 321 21 2.6 1.6 
DA 0.38 0.98 8.8 7.8 366 25 6.3 1.5 
DA_dry 0.42 0.97 3.0 1.9 297 20 0.4 1.5 
DB 0.28 0.96 8.6 7.9 365 25 6.2 1.6 
 
 

































CH 9.81 9.73 9.89 59.64 73 38.0 46.2 1.19 1455 73 80.5 44.8 54.0 9.2 45.4 
CH_2 9.54 9.41 9.63 58.96 75 38.2 46.1 1.18 1427 64 89.1 45.8 53.2 7.4 46.4 
L2 5.81 5.76 5.94 29.96 26 32.1 41.7 0.60 1194 37 67.6 43.5 46.1 2.6 43.8 
L4 5.68 5.63 5.88 29.59 27 38.2 47.6 0.59 1393 35 69.4 50.1 52.2 2.1 50.5 
L4_dry 5.13 5.20 6.02 29.82 27 37.6 46.3 0.60 1331 34 62.9 48.6 50.4 1.8 48.9 
L5 3.17 3.47 -0.97 29.68 27 42.9 48.7 0.59 1374 25 62.7 50.3 51.7 1.3 51.1 
L5_2 3.10 3.33 -0.73 29.82 30 43.3 48.8 0.60 1372 25 63.0 50.3 51.6 1.3 51.1 
L6 4.52 4.96 5.96 29.56 28 43.4 51.7 0.59 1513 30 66.9 54.0 55.6 1.6 54.4 
L6_2 4.42 4.55 5.94 29.73 30 43.3 50.9 0.59 1486 30 66.6 53.3 54.9 1.6 54.1 
L6new 5.45 5.64 5.88 30.07 28 43.0 52.3 0.60 1564 34 70.6 55.2 57.0 1.8 55.6 
L7 5.76 6.12 6.27 29.53 29 48.6 58.9 0.59 1837 36 80.5 62.1 63.8 1.7 62.4 
L7_2 5.97 5.88 6.41 29.62 32 48.8 58.7 0.59 1833 35 80.6 62.0 63.7 1.8 63.3 
L7_dry 4.95 5.27 6.91 29.48 28 49.1 58.0 0.59 1781 32 73.3 60.9 62.5 1.6 61.7 
LA 5.41 5.72 5.98 29.82 29 49.2 58.8 0.60 1826 34 76.8 61.9 63.6 1.7 62.6 
LA_dry 4.33 5.23 5.68 29.53 28 48.7 57.5 0.59 1731 31 71.8 59.9 61.3 1.4 60.3 
LB 6.48 6.50 6.63 29.85 28 37.5 48.4 0.60 1429 39 74.7 50.0 53.3 3.3 50.1 
D2 8.59 8.57 8.67 59.52 70 32.5 39.7 1.19 1208 67 76.5 39.0 46.6 7.6 39.3 
D4 8.40 8.30 8.53 59.30 72 38.1 45.1 1.18 1382 59 80.1 45.0 51.9 6.9 45.5 
D6new 8.00 8.55 8.33 59.41 76 43.1 50.3 1.19 1555 53 85.9 51.0 56.7 5.8 51.2 
D7 9.00 9.72 9.42 59.27 79 49.2 57.3 1.18 1873 60 90.5 57.4 64.6 7.3 57.7 
D7_dry 7.06 8.19 7.55 59.13 78 48.9 55.8 1.18 1751 44 89.0 57.9 61.7 3.8 58.2 
DA 8.38 8.83 8.80 59.24 77 48.7 56.1 1.18 1808 55 88.0 56.6 63.1 6.5 57.1 
DA_dry 6.46 7.42 6.91 59.13 78 48.9 55.2 1.18 1709 39 88.6 58.3 60.7 2.4 58.5 
DB 9.77 9.87 9.84 59.64 73 38.0 46.2 1.19 1453 72 80.5 44.8 53.9 9.1 45.4 
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1 4/18/01 1000 9097 1.97 2.08 4.10 4.17 4.28 5.72 5.68 6.09 50.75 0.56 2.23 0.82 
2 4/18/01 1000 9895 2.15 2.32 4.98 5.08 5.18 6.83 6.65 7.17 44.34 0.69 2.01 0.83 
3 4/18/01 998 10777 2.18 2.54 5.53 5.66 5.76 7.64 7.40 7.92 40.41 0.78 1.88 0.83 
L6new 
4 4/18/01 991 11879 2.12 2.75 5.81 5.94 6.03 8.11 7.85 8.38 37.98 0.83 1.80 0.83 
1 4/21/01 995 10070 2.05 2.31 4.73 4.56 4.65 6.20 6.52 6.69 58.78 0.58 1.47 0.81 
2 4/21/01 992 10890 2.14 2.55 5.46 5.41 5.51 7.37 7.53 7.75 52.92 0.68 1.34 0.82 
3 4/21/01 989 11752 2.17 2.77 5.99 5.97 6.07 8.09 8.25 8.50 49.03 0.75 1.28 0.82 
4 4/21/01 988 12658 2.12 2.97 6.30 6.28 6.40 8.63 8.71 8.99 46.57 0.79 1.27 0.82 
L7 
5 4/21/01 988 13092 2.08 3.06 6.36 6.37 6.48 8.80 8.87 9.15 45.61 0.81 1.28 0.82 
1 4/17/01 1000 9759 1.80 2.25 4.07 4.13 4.21 5.71 5.93 6.18 53.96 0.55 1.31 0.83 
2 4/17/01 1000 10314 1.94 2.43 4.70 4.74 4.81 6.50 6.63 6.92 50.10 0.63 1.17 0.83 
3 4/17/01 999 10824 1.96 2.57 5.03 5.18 5.25 7.05 7.20 7.47 47.23 0.68 1.03 0.83 
4 4/17/01 995 11542 2.01 2.73 5.49 5.59 5.66 7.65 7.72 8.02 44.35 0.74 0.95 0.83 
5 4/17/01 990 12187 2.01 2.85 5.74 5.82 5.90 8.02 8.10 8.37 42.51 0.78 0.89 0.83 
LA 
6 4/17/01 989 13333 1.92 3.07 5.89 6.01 6.09 8.37 8.42 8.73 40.29 0.82 0.97 0.83 
1 4/17/01 1000 9550 2.84 2.21 6.27 6.28 6.38 8.03 7.89 8.34 52.80 0.70 1.12 0.83 
2 4/17/01 1000 9662 2.84 2.24 6.36 6.41 6.52 8.19 8.02 8.51 51.89 0.71 1.22 0.82 
3 4/17/01 999 10305 2.82 2.42 6.83 6.91 7.01 8.86 8.67 9.17 48.62 0.78 1.19 0.82 
4 4/17/01 998 10939 2.75 2.58 7.10 7.16 7.26 9.23 9.05 9.56 46.82 0.81 1.17 0.82 
LB 
5 4/18/01 1000 9251 2.78 2.10 5.83 5.91 6.02 7.50 7.46 7.90 55.15 0.65 1.21 0.82 
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Table C-8 MAC2R744 steady-state compressor data from tests at low compressor speeds. 



























1 1000 19.89 2.08 1.59 0.32 0.83 0.90 4658 2.01 4623 9297 38.5 98.4 
2 1000 22.16 2.32 1.67 0.30 0.82 0.86 4395 2.32 4338 10046 39.3 112.5 
3 998 24.27 2.54 1.78 0.31 0.80 0.83 4212 2.63 4144 10897 38.0 123.6 
L6new 
4 991 26.46 2.75 1.94 0.31 0.78 0.80 4142 2.95 4055 11974 35.9 133.3 
1 995 22.12 2.31 1.79 0.34 0.83 0.91 5278 1.97 5238 10313 42.3 100.9 
2 992 24.55 2.55 1.87 0.33 0.82 0.88 5042 2.22 4991 11085 42.7 112.7 
3 989 26.70 2.77 1.97 0.33 0.81 0.85 4889 2.47 4825 11921 41.9 122.2 
4 988 28.70 2.97 2.10 0.33 0.80 0.82 4819 2.70 4736 12794 40.6 130.0 
L7 
5 988 29.53 3.06 2.17 0.33 0.79 0.81 4796 2.81 4708 13221 40.1 133.3 
1 1000 21.52 2.25 1.72 0.33 0.82 0.90 4990 2.02 4944 9971 42.2 103.2 
2 1000 23.21 2.43 1.76 0.33 0.82 0.88 4835 2.20 4783 10497 43.0 111.9 
3 999 24.57 2.57 1.81 0.32 0.81 0.86 4717 2.36 4654 10987 42.9 118.9 
4 995 26.24 2.73 1.89 0.32 0.80 0.84 4604 2.58 4528 11680 42.2 126.9 
5 990 27.51 2.85 1.97 0.33 0.79 0.82 4543 2.76 4457 12302 41.3 132.9 
LA 
6 989 29.66 3.07 2.13 0.34 0.77 0.78 4507 3.06 4393 13430 39.9 142.2 
1 1000 21.06 2.21 1.66 0.33 0.82 0.89 4775 2.06 4731 9747 35.8 98.1 
2 1000 21.37 2.24 1.68 0.32 0.82 0.88 4740 2.10 4693 9850 35.8 99.9 
3 999 23.16 2.42 1.76 0.32 0.81 0.86 4593 2.31 4537 10469 34.2 107.0 
4 998 24.73 2.58 1.85 0.32 0.80 0.83 4528 2.49 4460 11089 32.6 112.5 
LB 
5 1000 20.04 2.10 1.62 0.32 0.83 0.90 4879 1.96 4841 9470 36.1 93.7 
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Table C-9 MAC2R744 steady-state evaporator data from tests at low compressor speeds. 





























1 4.10 4.17 4.28 1.08 3.09 8.47 256 32.1 17.0 14.2 13.4 311 0.168 0.44 
2 4.98 5.08 5.18 1.65 3.43 8.41 263 32.2 17.0 12.1 11.2 305 0.167 0.66 
3 5.53 5.66 5.76 1.99 3.67 8.41 266 32.2 17.0 10.6 9.7 303 0.167 0.79 
L6new 
4 5.81 5.94 6.03 2.15 3.79 8.41 268 32.2 17.0 9.9 9.0 301 0.167 0.85 
1 4.73 4.56 4.65 1.44 3.12 8.50 273 37.8 22.1 19.7 18.6 320 0.168 0.58 
2 5.46 5.41 5.51 2.00 3.41 8.52 276 37.7 22.0 18.0 16.9 319 0.168 0.81 
3 5.99 5.97 6.07 2.37 3.60 8.50 279 37.8 21.9 16.9 15.7 317 0.168 0.95 
4 6.30 6.28 6.40 2.57 3.71 8.50 281 37.7 21.9 16.3 15.1 316 0.168 1.03 
L7 
5 6.36 6.37 6.48 2.62 3.75 8.50 281 37.7 21.9 16.1 14.9 316 0.168 1.05 
1 4.07 4.13 4.21 1.53 2.61 8.52 266 32.1 20.5 17.1 16.3 315 0.168 0.62 
2 4.70 4.74 4.81 1.93 2.82 8.52 267 32.1 20.5 15.8 15.1 314 0.168 0.77 
3 5.03 5.18 5.25 2.21 2.96 8.50 269 32.1 20.5 14.9 14.2 312 0.168 0.89 
4 5.49 5.59 5.66 2.47 3.12 8.50 273 32.1 20.5 14.0 13.2 310 0.168 0.99 
5 5.74 5.82 5.90 2.62 3.20 8.50 275 32.1 20.5 13.5 12.7 309 0.168 1.04 
LA 
6 5.89 6.01 6.09 2.73 3.28 8.50 276 32.1 20.5 13.0 12.3 309 0.168 1.08 
1 6.27 6.28 6.38 2.56 3.72 8.52 277 37.7 22.0 16.1 15.2 314 0.168 1.02 
2 6.36 6.41 6.52 2.64 3.77 8.50 278 37.7 22.0 15.8 14.9 313 0.168 1.05 
3 6.83 6.91 7.01 2.95 3.95 8.50 281 37.7 22.0 14.7 13.8 311 0.168 1.17 
4 7.10 7.16 7.26 3.11 4.05 8.50 282 37.6 22.0 14.2 13.2 310 0.168 1.24 
LB 
5 5.83 5.91 6.02 2.31 3.60 8.52 276 37.7 22.0 16.9 16.0 315 0.169 0.92 
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Table C-10 MAC2R744 steady-state evaporator data from tests at low comp ressor speeds (continued). 



















1 0.49 0.92 4730 58 12.3 12.0 12.4 11.9 11.8 
2 0.37 0.93 4426 50 9.6 9.9 11.8 9.3 9.1 
3 0.26 0.92 4224 43 7.7 8.0 9.6 7.7 7.3 
L6new 
4 0.20 0.92 4129 38 6.8 7.1 8.9 6.5 6.4 
1 0.47 0.95 5352 64 17.6 17.3 17.1 17.6 17.2 
2 0.37 0.95 5093 58 15.5 15.2 15.0 15.7 15.1 
3 0.28 0.95 4918 53 14.0 13.7 13.6 13.9 13.7 
4 0.23 0.95 4823 49 13.2 12.9 12.8 13.0 12.9 
L7 
5 0.21 0.95 4792 47 12.9 12.6 12.6 12.8 12.6 
1 0.51 0.93 5050 63 15.2 15.7 14.7 17.2 14.6 
2 0.44 0.95 4881 57 13.8 13.9 13.3 15.5 13.2 
3 0.37 0.94 4747 53 12.6 12.7 12.2 14.0 12.1 
4 0.30 0.94 4614 48 11.4 11.2 11.0 11.5 10.9 
5 0.26 0.95 4539 45 10.8 10.5 10.4 10.6 10.2 
LA 
6 0.21 0.95 4470 40 10.1 10.2 11.1 9.9 9.7 
1 0.31 0.95 4839 60 13.4 12.9 12.8 12.9 12.8 
2 0.29 0.95 4799 58 13.0 12.6 12.5 12.6 12.4 
3 0.22 0.95 4635 52 11.5 11.2 11.4 11.1 11.0 
4 0.17 0.95 4553 49 10.8 11.0 12.7 10.4 10.3 
LB 
5 0.36 0.94 4952 65 14.3 13.9 13.8 13.9 13.7 
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Table C-11 MAC2R744 steady-state gas cooler data from tests at low compressor speeds. 





























1 5.72 5.68 6.09 29.70 58 127 0.594 43.5 52.6 9097 130 96.9 44.9 38.7 
2 6.83 6.65 7.17 29.70 58 128 0.594 43.5 54.2 9895 96 110.7 45.7 36.6 
3 7.64 7.40 7.92 29.70 58 128 0.594 43.5 55.4 10777 78 121.4 45.8 31.3 
L6new 
4 8.11 7.85 8.38 29.73 58 129 0.595 43.6 56.1 11879 67 130.9 45.0 26.9 
1 6.20 6.52 6.69 29.65 59 129 0.593 49.2 59.5 10070 155 99.8 51.1 42.2 
2 7.37 7.53 7.75 29.73 60 130 0.595 49.1 61.1 10890 122 111.4 51.7 40.5 
3 8.09 8.25 8.50 29.76 60 131 0.595 49.1 62.2 11752 101 120.7 51.7 37.2 
4 8.63 8.71 8.99 29.79 60 131 0.596 49.1 62.9 12658 88 128.3 51.3 34.2 
L7 
5 8.80 8.87 9.15 29.79 60 131 0.596 49.1 63.1 13092 81 131.6 51.0 33.2 
1 5.71 5.93 6.18 30.10 60 131 0.602 49.0 58.2 9759 140 101.8 50.3 41.8 
2 6.50 6.63 6.92 29.87 59 130 0.597 49.0 59.4 10314 117 110.4 50.7 41.3 
3 7.05 7.20 7.47 29.96 59 131 0.599 48.9 60.2 10824 103 117.3 51.0 39.6 
4 7.65 7.72 8.02 29.99 59 131 0.600 48.9 61.1 11542 88 125.1 51.0 36.7 
5 8.02 8.10 8.37 29.99 60 132 0.600 48.8 61.6 12187 80 131.0 50.7 34.3 
LA 
6 8.37 8.42 8.73 29.99 60 132 0.600 48.8 62.0 13333 69 139.9 50.1 31.4 
1 8.03 7.89 8.34 29.99 57 128 0.600 38.0 50.7 9550 122 96.9 42.6 34.5 
2 8.19 8.02 8.51 29.99 57 129 0.600 38.0 50.9 9662 117 98.6 42.6 34.1 
3 8.86 8.67 9.17 29.99 57 129 0.600 38.0 52.0 10305 99 105.7 42.3 30.2 
4 9.23 9.05 9.56 30.02 57 129 0.600 38.0 52.6 10939 90 111.1 41.5 27.4 
LB 
5 7.50 7.46 7.90 30.02 57 128 0.601 37.9 49.9 9251 136 92.5 42.2 36.2 
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Table C-12 MAC2R744 steady-state SLHX data from tests at low compressor speeds. 





















1 3.03 0.89 11.6 4693 38.7 4652 44.5 9071 38.6 9046 
2 2.67 0.89 9.0 4394 39.6 4361 45.5 9880 36.5 9868 
3 2.40 0.87 7.1 4195 38.2 4162 45.5 10773 31.3 10758 
L6new 
4 2.17 0.84 6.3 4100 36.1 4076 44.8 11897 26.9 11876 
1 3.50 0.85 16.7 5310 42.6 5268 50.5 10048 42.1 10020 
2 3.14 0.85 14.6 5053 43.0 5018 51.1 10867 40.4 10852 
3 2.84 0.83 13.3 4891 42.1 4853 51.1 11756 37.1 11742 
4 2.64 0.81 12.5 4787 40.8 4752 50.8 12643 34.2 12631 
L7 
5 2.53 0.81 12.3 4764 40.3 4729 50.5 13098 33.1 13092 
1 3.27 0.86 14.4 5012 42.5 4974 49.7 9728 41.7 9703 
2 3.05 0.87 13.0 4848 43.2 4810 50.3 10294 41.2 10276 
3 2.85 0.87 11.9 4711 43.2 4673 50.5 10804 39.5 10782 
4 2.64 0.85 10.7 4583 42.4 4551 50.6 11543 36.6 11526 
5 2.46 0.84 10.0 4510 41.4 4481 50.2 12177 34.2 12167 
LA 
6 2.25 0.82 9.5 4440 40.0 4410 49.7 13325 31.3 13310 
1 2.60 0.86 12.5 4799 36.1 4757 42.0 9531 34.4 9508 
2 2.50 0.86 12.1 4757 36.1 4716 42.1 9642 34.0 9620 
3 2.31 0.83 10.7 4600 34.5 4565 41.7 10297 30.0 10284 
4 2.16 0.81 10.0 4517 32.8 4484 40.9 10923 27.3 10916 
LB 
5 2.61 0.87 13.4 4914 36.4 4869 41.6 9227 36.1 9202 
 

































1 4/16/01 1994 9575 1.47 7.12 7.17 7.41 4.85 12.45 11.46 11.77 65.31 0.70 1.91 0.83 
2 4/16/01 1999 10222 1.57 7.75 7.80 8.03 4.94 13.15 12.13 12.41 57.78 0.76 1.89 0.81 
3 4/16/01 1998 10600 1.60 7.89 7.98 8.20 4.94 13.32 12.30 12.57 54.71 0.78 1.89 0.80 
4 4/19/01 2000 9361 1.43 6.88 6.88 7.10 4.82 11.06 11.34 11.47 69.75 0.65 2.80 0.85 
D6new 
5 4/19/01 2001 10099 1.56 7.71 7.72 7.92 4.94 11.89 12.26 12.36 59.80 0.73 2.54 0.84 
1 4/19/01 1998 9932 1.41 7.28 7.27 7.33 5.15 11.44 12.16 12.00 84.38 0.56 0.79 0.25 
2 4/19/01 1999 10657 1.49 8.01 8.17 8.32 5.37 12.52 13.26 13.20 75.26 0.64 0.78 0.22 
3 4/19/01 1997 11394 1.52 8.42 8.77 8.90 5.53 13.25 13.96 13.88 67.39 0.70 0.57 0.20 
4 4/19/01 1996 12139 1.47 8.19 8.79 8.90 5.59 13.21 14.00 13.89 59.09 0.73 0.31 0.21 
5 4/19/01 1994 12112 1.45 8.05 8.71 8.83 5.56 13.13 13.89 13.79 58.56 0.73 0.36 0.20 
6 4/19/01 1995 12029 1.47 8.08 8.53 8.65 5.50 12.83 13.66 13.55 57.39 0.72 0.43 0.19 
7 4/19/01 1997 11907 1.47 7.98 8.28 8.42 5.42 12.54 13.35 13.24 56.08 0.71 0.43 0.19 
D7 
8 4/19/01 1997 12200 1.39 7.48 7.98 8.12 5.37 12.21 12.95 12.85 51.51 0.73 0.44 0.20 
1 4/14/01 1997 9989 1.32 6.83 6.95 7.16 5.16 11.09 11.78 11.82 75.79 0.63 1.42 0.80 
2 4/14/01 1995 10683 1.42 7.57 7.69 7.89 5.33 12.02 12.67 12.67 67.94 0.71 1.57 0.77 
3 4/14/01 1995 11272 1.46 7.94 8.08 8.28 5.45 12.51 13.28 13.15 63.98 0.78 0.16 0.67 
4 4/15/01 1995 11831 1.49 8.24 8.35 8.55 5.53 12.90 13.53 13.47 60.15 0.80 -0.38 0.70 
5 4/15/01 1994 12318 1.49 8.36 8.46 8.66 5.61 13.08 13.76 13.65 57.65 0.81 0.12 0.60 
6 4/15/01 1991 12774 1.48 8.39 8.52 8.73 5.68 13.19 13.81 13.75 55.69 0.82 0.33 0.55 
DA 
7 4/15/01 1991 13143 1.47 8.41 8.55 8.75 5.74 13.28 13.90 13.83 54.52 0.82 -0.01 0.52 
1 5/13/01 1990 10110 1.89 9.64 9.68 9.95 5.10 14.18 14.30 14.59 69.68 0.85 1.37 0.76 
2 5/13/01 1989 10770 1.91 9.92 10.03 10.28 5.20 14.54 14.60 14.97 62.56 0.87 0.26 0.67 
3 5/13/01 1985 11577 1.88 10.09 10.14 10.39 5.36 14.79 14.75 15.18 59.06 0.88 0.19 0.67 
4 5/13/01 1992 9652 1.87 9.29 9.42 9.69 4.97 13.77 13.76 14.24 74.16 0.82 -0.15 0.62 
DB 
5 5/13/01 1993 9225 1.82 8.87 8.99 9.32 4.86 13.28 13.29 13.80 80.79 0.79 -0.78 0.63 
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Table C-14 MAC2R744 steady-state compressor data from tests at high compressor speeds. 



























1 1994 23.21 4.85 2.13 0.30 0.77 0.83 3702 2.85 3485 9920 37.0 133.7 
2 1999 23.59 4.94 2.21 0.30 0.77 0.79 3841 3.20 3278 10481 38.2 146.6 
3 1998 23.60 4.94 2.28 0.29 0.76 0.77 4032 3.36 3225 10828 37.8 151.2 
4 2000 23.00 4.82 1.62 0.31 0.78 0.85 3639 2.72 3586 9745 36.1 127.8 
D6new 
5 2001 23.57 4.94 1.63 0.28 0.77 0.81 3511 3.13 3313 10370 37.8 143.8 
1 1998 24.60 5.15 1.71 0.29 0.77 0.85 4305 2.47 4237 10467 40.5 123.5 
2 1999 25.65 5.37 1.78 0.29 0.78 0.84 4043 2.79 3966 11063 42.0 137.3 
3 1997 26.46 5.53 1.85 0.28 0.78 0.81 3849 3.12 3754 11708 42.9 149.7 
4 1996 26.74 5.59 1.91 0.28 0.77 0.77 3686 3.52 3517 12371 43.7 163.1 
5 1994 26.61 5.56 1.90 0.27 0.77 0.77 3687 3.53 3500 12340 43.7 163.5 
6 1995 26.30 5.50 1.89 0.26 0.77 0.77 3690 3.54 3457 12249 43.9 164.2 
7 1997 25.93 5.42 1.86 0.26 0.77 0.76 3677 3.57 3397 12118 44.2 165.1 
D7 
8 1997 25.68 5.37 1.88 0.26 0.77 0.74 3721 3.82 3239 12379 44.1 172.2 
1 1997 24.68 5.16 2.53 0.36 0.78 0.85 4035 2.67 3907 10437 40.2 130.8 
2 1995 25.49 5.33 2.46 0.34 0.77 0.82 3869 2.98 3704 11030 41.2 142.9 
3 1995 26.07 5.45 2.48 0.34 0.76 0.79 3913 3.21 3606 11569 39.8 149.2 
4 1995 26.47 5.53 2.57 0.31 0.76 0.77 3987 3.44 3517 12084 40.1 156.7 
5 1994 26.89 5.61 2.69 0.30 0.76 0.75 4072 3.62 3471 12551 40.1 162.4 
6 1991 27.21 5.68 2.82 0.29 0.75 0.73 4148 3.78 3438 12979 39.9 167.3 
DA 
7 1991 27.53 5.74 2.92 0.28 0.75 0.72 4204 3.90 3424 13337 39.6 170.6 
1 1990 24.48 5.10 2.65 0.38 0.75 0.81 3729 2.98 3513 10452 24.8 124.0 
2 1989 24.95 5.20 2.60 0.37 0.75 0.78 3924 3.26 3387 11040 28.1 137.3 
3 1985 25.79 5.36 2.55 0.34 0.75 0.75 4079 3.53 3343 11802 28.4 146.3 
4 1992 23.83 4.97 2.32 0.36 0.75 0.82 3821 2.76 3637 10053 24.9 117.1 
DB 
5 1993 23.29 4.86 2.27 0.36 0.75 0.84 3938 2.57 3771 9699 22.5 107.3 
 
147 
Table C-15 MAC2R744 steady-state evaporator data from tests at high compressor speeds. 





























1 7.12 7.17 7.41 2.76 4.41 8.52 277 32.2 16.8 6.6 5.8 308 0.169 1.10 
2 7.75 7.80 8.03 3.09 4.71 8.52 280 32.2 17.0 4.8 4.2 306 0.170 1.24 
3 7.89 7.98 8.20 3.17 4.81 8.55 280 32.1 16.9 4.3 3.7 306 0.170 1.26 
4 6.88 6.88 7.10 2.64 4.24 8.50 273 32.1 16.8 7.4 6.5 307 0.169 1.05 
D6new 
5 7.71 7.72 7.92 3.06 4.66 8.50 276 32.1 16.9 4.9 4.2 305 0.169 1.22 
1 7.28 7.27 7.33 3.19 4.08 8.47 283 37.7 22.0 14.0 13.1 313 0.168 1.27 
2 8.01 8.17 8.32 3.74 4.43 8.47 287 37.7 21.9 11.8 10.9 309 0.168 1.42 
3 8.42 8.77 8.90 4.08 4.69 8.47 293 37.6 21.9 10.3 9.5 309 0.168 1.49 
4 8.19 8.79 8.90 4.09 4.70 8.52 288 37.7 22.0 10.4 9.6 312 0.169 1.39 
5 8.05 8.71 8.83 4.04 4.67 8.52 286 37.7 22.0 10.6 9.8 313 0.169 1.35 
6 8.08 8.53 8.65 3.94 4.59 8.52 283 37.7 22.0 11.1 10.3 315 0.169 1.39 
7 7.98 8.28 8.42 3.81 4.47 8.58 279 37.6 22.0 11.8 11.0 318 0.170 1.40 
D7 
8 7.48 7.98 8.12 3.65 4.33 8.64 270 37.6 22.0 12.9 11.7 324 0.171 1.26 
1 6.83 6.95 7.16 3.30 3.65 8.50 283 32.1 20.5 10.9 10.1 313 0.169 1.31 
2 7.57 7.69 7.89 3.73 3.96 8.52 286 32.0 20.6 9.0 8.4 312 0.169 1.47 
3 7.94 8.08 8.28 3.94 4.14 8.50 288 32.0 20.6 8.0 7.3 310 0.169 1.55 
4 8.24 8.35 8.55 4.07 4.28 8.52 288 32.0 20.5 7.2 6.6 310 0.169 1.61 
5 8.36 8.46 8.66 4.13 4.34 8.52 289 32.0 20.6 6.8 6.3 310 0.169 1.64 
6 8.39 8.52 8.73 4.16 4.37 8.52 288 32.0 20.6 6.7 6.2 310 0.169 1.64 
DA 
7 8.41 8.55 8.75 4.17 4.38 8.52 289 32.0 20.6 6.6 6.2 309 0.169 1.65 
1 9.64 9.68 9.95 4.52 5.16 8.55 298 37.5 21.7 7.7 6.9 312 0.170 1.78 
2 9.92 10.03 10.28 4.69 5.34 8.55 299 37.6 21.7 6.7 6.1 311 0.170 1.83 
3 10.09 10.14 10.39 4.74 5.40 8.58 300 37.6 21.7 6.4 5.9 311 0.170 1.88 
4 9.29 9.42 9.69 4.38 5.04 8.58 298 37.6 21.8 8.6 7.9 314 0.170 1.72 
DB 
5 8.87 8.99 9.32 4.16 4.83 8.58 295 37.6 21.8 9.8 9.0 316 0.171 1.63 
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Table C-16 MAC2R744 steady-state evaporator data from tests at high compressor speeds (continued). 



















1 0.38 0.87 3754 131 4.1 2.8 2.7 2.8 2.7 
2 0.34 0.92 3510 119 1.5 0.8 0.4 1.9 0.1 
3 0.32 0.94 3438 110 0.7 1.6 3.0 3.1 -0.7 
4 0.42 0.88 3861 139 5.3 3.9 3.8 3.9 3.8 
D6new 
5 0.36 0.92 3540 115 1.9 1.2 2.9 0.8 0.5 
1 0.51 0.95 4549 162 11.8 10.5 10.4 10.5 10.7 
2 0.45 0.97 4239 147 8.8 8.0 7.6 7.7 8.6 
3 0.41 0.99 3998 135 6.4 8.6 5.4 8.4 10.1 
4 0.39 1.01 3735 125 3.8 11.3 10.1 11.1 11.9 
5 0.39 1.01 3714 124 3.6 11.4 10.4 11.3 11.9 
6 0.40 1.03 3665 122 3.1 11.6 11.0 11.5 11.9 
7 0.42 1.04 3601 123 2.4 11.7 11.3 11.7 11.9 
D7 
8 0.40 1.03 3427 119 0.6 11.4 11.3 11.4 11.6 
1 0.45 0.89 4216 158 8.8 7.3 7.3 7.4 7.2 
2 0.38 0.90 3978 140 6.3 5.5 5.0 7.1 4.9 
3 0.30 0.87 3862 124 5.2 4.1 3.9 4.8 3.8 
4 0.29 0.90 3751 116 3.9 3.8 2.8 7.1 2.7 
5 0.28 0.93 3691 109 3.3 3.5 2.3 7.5 2.1 
6 0.28 0.94 3642 104 2.7 4.3 5.6 8.2 1.5 
DA 
7 0.27 0.95 3619 100 2.4 4.8 7.3 8.6 1.3 
1 0.17 0.80 3802 127 4.6 3.2 3.2 3.3 3.2 
2 0.17 0.87 3650 116 2.9 1.7 1.8 1.7 1.6 
3 0.16 0.91 3581 109 2.1 2.2 5.7 1.3 0.8 
4 0.21 0.79 3935 135 5.8 4.5 4.5 4.5 4.5 
DB 
5 0.23 0.75 4093 145 7.4 6.0 6.1 6.0 6.0 
 
Table C-17 MAC2R744 steady-state gas cooler data from tests at high compressor speeds. 





























1 12.45 11.46 11.77 59.35 148 505 1.187 43.4 52.6 9575 216 131.2 45.4 34.9 
2 13.15 12.13 12.41 59.32 148 505 1.187 43.4 53.1 10222 164 143.8 45.8 32.4 
3 13.32 12.30 12.57 59.44 148 506 1.189 43.3 53.2 10600 144 148.4 45.7 30.9 
4 11.06 11.34 11.47 59.30 149 505 1.186 43.5 52.7 9361 239 125.6 45.4 36.6 
D6new 
5 11.89 12.26 12.36 59.27 149 506 1.185 43.5 53.4 10099 166 141.4 46.0 33.8 
1 11.44 12.16 12.00 59.30 152 511 1.186 49.1 58.8 9932 319 121.4 50.9 42.1 
2 12.52 13.26 13.20 59.24 152 512 1.185 49.2 59.7 10657 242 135.1 51.5 41.6 
3 13.25 13.96 13.88 59.32 153 515 1.187 49.1 60.2 11394 188 147.4 51.5 40.4 
4 13.21 14.00 13.89 59.32 153 515 1.187 49.1 60.3 12139 143 160.6 51.0 39.5 
5 13.13 13.89 13.79 59.30 152 514 1.186 49.1 60.2 12112 140 160.9 51.0 39.6 
6 12.83 13.66 13.55 59.32 152 514 1.186 49.1 60.0 12029 135 161.6 50.9 39.9 
7 12.54 13.35 13.24 59.32 153 514 1.187 49.1 59.7 11907 132 162.4 50.9 40.2 
D7 
8 12.21 12.95 12.85 59.38 153 515 1.188 49.1 59.4 12200 114 169.0 50.4 39.3 
1 11.09 11.78 11.82 59.10 151 509 1.182 48.9 58.3 9989 286 128.6 50.4 39.9 
2 12.02 12.67 12.67 59.10 151 510 1.182 48.9 59.0 10683 219 140.6 51.0 37.7 
3 12.51 13.28 13.15 59.15 151 512 1.183 48.9 59.5 11272 187 146.8 51.1 32.9 
4 12.90 13.53 13.47 59.18 151 512 1.184 48.9 59.7 11831 158 154.2 51.0 31.6 
5 13.08 13.76 13.65 59.21 151 513 1.184 48.9 59.9 12318 141 159.9 50.8 31.1 
6 13.19 13.81 13.75 59.18 151 513 1.184 48.9 59.9 12774 127 164.5 50.5 30.9 
DA 
7 13.28 13.90 13.83 59.13 151 512 1.183 48.9 60.0 13143 120 167.8 50.3 30.7 
1 14.18 14.30 14.59 60.23 149 517 1.204 37.5 49.0 10110 216 122.1 42.2 21.3 
2 14.54 14.60 14.97 60.31 149 519 1.206 37.5 49.2 10770 169 135.1 41.0 20.2 
3 14.79 14.75 15.18 60.31 150 519 1.206 37.5 49.3 11577 142 143.8 39.9 19.8 
4 13.77 13.76 14.24 60.43 150 519 1.209 37.1 48.1 9652 246 115.0 42.0 24.6 
DB 
5 13.28 13.29 13.80 60.68 150 522 1.214 36.2 46.8 9225 296 105.3 41.2 26.9 
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Table C-18 MAC2R744 steady-state SLHX data from tests at high compressor speeds. 





















1 4.96 0.91 2.0 3663 37.5 3555 45.2 9539 34.9 9503 
2 3.92 0.91 -0.4 3437 38.6 3341 45.6 10202 32.4 10187 
3 3.47 0.90 -1.2 3370 38.2 3281 45.5 10595 30.8 10568 
4 5.17 0.90 2.9 3765 36.7 3656 45.0 9305 36.5 9273 
D6new 
5 3.99 0.90 -0.3 3460 38.3 3368 45.7 10081 33.7 10053 
1 5.00 0.85 9.5 4444 41.2 4320 50.3 9871 42.1 9804 
2 4.36 0.87 6.8 4142 42.7 4034 51.0 10605 41.6 10559 
3 3.53 0.87 7.5 3910 43.5 3813 51.2 11364 40.3 11334 
4 2.66 0.87 10.7 3653 44.2 3566 50.8 12113 39.4 12088 
5 2.61 0.87 10.8 3634 44.2 3549 50.7 12086 39.5 12065 
6 2.52 0.87 11.1 3586 44.3 3502 50.6 12000 39.8 11978 
7 2.43 0.88 11.2 3525 44.6 3443 50.5 11877 40.2 11853 
D7 
8 2.17 0.88 11.1 3356 44.5 3280 50.2 12183 39.2 12164 
1 5.47 0.88 6.4 4109 40.8 3985 50.0 9937 39.9 9890 
2 4.88 0.88 4.2 3891 41.7 3783 50.6 10655 37.6 10618 
3 4.94 0.88 3.1 3793 40.3 3671 50.8 11252 32.8 11226 
4 4.35 0.87 2.0 3672 40.5 3577 50.7 11798 31.5 11786 
5 3.85 0.86 1.4 3620 40.5 3528 50.4 12316 31.0 12311 
6 3.49 0.86 1.0 3566 40.3 3483 50.2 12749 30.9 12722 
DA 
7 3.27 0.85 0.8 3551 40.0 3475 50.0 13132 30.6 13116 
1 5.32 0.80 2.3 3702 25.4 3585 41.8 10077 21.3 10054 
2 4.09 0.83 0.8 3600 28.6 3463 40.7 10755 20.1 10736 
3 3.40 0.83 0.2 3501 28.9 3402 39.7 11544 19.7 11541 
4 5.71 0.80 3.6 3843 25.6 3719 41.7 9626 24.5 9598 
DB 
5 6.36 0.79 5.1 3980 23.3 3847 40.8 9170 26.8 9118 
 
Table C-19 MAC2R744 steady-state system data for tests at MAC2HFC evaporator capacities. 





























1 4/30/01 976 11950 2.48 6.73 6.74 6.84 2.71 8.78 9.00 9.17 37.88 0.82 0.53 0.23 
2 4/30/01 952 11519 2.60 6.67 6.68 6.75 2.56 8.62 8.72 8.95 37.86 0.81 0.62 0.22 
3 5/1/01 843 11110 3.08 6.82 6.82 6.91 2.21 8.41 8.78 8.87 43.66 0.84 2.11 0.84 
4 5/1/01 831 11554 2.99 6.79 6.81 6.90 2.27 8.49 8.86 8.92 42.91 0.85 2.03 0.84 
5 5/1/01 831 12047 2.86 6.78 6.81 6.90 2.37 8.58 8.90 9.00 42.31 0.86 1.98 0.84 
6 5/1/01 855 10603 3.20 6.80 6.83 6.92 2.13 8.38 8.74 8.80 44.48 0.82 1.51 0.84 
7 5/1/01 883 10020 3.29 6.77 6.82 6.90 2.06 8.28 8.65 8.74 46.62 0.80 1.59 0.84 
8 5/1/01 952 9517 3.20 6.69 6.79 6.87 2.09 8.30 8.55 8.75 50.56 0.76 1.76 0.83 
DB 
9 5/1/01 1109 9063 2.86 6.66 6.74 6.87 2.33 8.48 8.56 8.96 59.12 0.68 2.07 0.84 
1 5/1/01 1198 9114 2.71 7.00 7.11 7.25 2.58 9.05 9.07 9.55 60.92 0.68 2.17 0.84 
2 5/1/01 922 10250 3.17 7.02 7.13 7.20 2.22 8.70 8.79 9.15 46.94 0.81 1.56 0.85 DB 
3 5/1/01 892 11654 2.89 7.07 7.17 7.23 2.44 8.98 9.07 9.37 43.43 0.84 -0.19 0.27 
1 4/30/01 1488 9575 1.57 5.53 5.58 5.62 3.52 8.28 9.00 8.84 70.66 0.54 0.16 0.70 
2 4/30/01 1295 10023 1.79 5.59 5.68 5.73 3.13 7.99 8.68 8.53 60.67 0.61 1.78 0.83 
3 4/30/01 1073 10532 2.05 5.47 5.55 5.59 2.67 7.43 8.13 7.95 50.87 0.68 1.52 0.82 
4 4/30/01 1000 10986 2.13 5.54 5.65 5.69 2.60 7.51 8.11 7.96 46.55 0.73 1.65 0.82 
5 4/30/01 916 11639 2.20 5.50 5.64 5.67 2.50 7.39 7.92 7.83 41.69 0.76 0.70 0.27 
DA 
6 4/30/01 904 12016 2.18 5.55 5.66 5.69 2.55 7.38 7.93 7.87 39.77 0.77 0.69 0.23 
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Table C-20 MAC2R744 steady-state compressor data for tests at MAC2HFC evaporator capacities. 



























1 976 26.52 2.71 1.79 0.33 0.79 0.79 4110 2.98 4037 12041 33.2 131.0 
2 952 25.70 2.56 1.76 0.33 0.79 0.81 4135 2.85 4068 11610 33.4 126.6 
3 843 25.08 2.21 1.83 0.36 0.79 0.83 4717 2.41 4662 11218 28.5 104.5 
4 831 26.10 2.27 1.91 0.36 0.79 0.83 4726 2.50 4665 11661 28.1 107.8 
5 831 27.22 2.37 1.97 0.35 0.78 0.81 4742 2.60 4670 12152 27.8 111.5 
6 855 23.73 2.13 1.73 0.34 0.80 0.85 4717 2.30 4664 10722 29.8 101.5 
7 883 22.26 2.06 1.64 0.34 0.82 0.87 4711 2.18 4666 10159 31.2 97.8 
8 952 21.00 2.09 1.52 0.34 0.82 0.89 4704 2.08 4667 9696 32.9 95.4 
DB 
9 1109 20.07 2.33 1.50 0.35 0.83 0.90 4684 2.00 4655 9312 34.2 93.7 
1 1198 20.56 2.58 1.51 0.36 0.82 0.90 4557 2.07 4527 9384 34.2 97.0 
2 922 22.95 2.22 1.66 0.34 0.81 0.86 4622 2.27 4574 10398 30.8 101.4 DB 
3 892 26.17 2.44 1.92 0.35 0.80 0.82 4620 2.58 4553 11766 30.1 112.9 
1 1488 22.59 3.52 1.63 0.38 0.82 0.90 4482 2.24 4452 9957 40.3 111.7 
2 1295 23.08 3.13 1.66 0.36 0.82 0.88 4521 2.30 4483 10294 41.3 114.8 
3 1073 23.76 2.67 1.68 0.35 0.83 0.87 4622 2.34 4579 10719 41.4 116.2 
4 1000 24.83 2.60 1.70 0.34 0.82 0.86 4606 2.45 4557 11147 41.1 120.0 
5 916 26.09 2.50 1.82 0.34 0.81 0.84 4619 2.58 4558 11754 40.8 124.9 
DA 
6 904 26.92 2.55 1.89 0.34 0.80 0.82 4572 2.69 4508 12121 41.2 129.5 
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Table C-21 MAC2R744 steady-state evaporator data for tests at MAC2HFC evaporator capacities. 





























1 6.73 6.74 6.84 2.93 3.81 8.50 264 38.0 22.2 15.9 14.3 315 0.168 1.16 
2 6.67 6.68 6.75 2.91 3.77 8.50 262 37.9 22.3 16.0 14.5 314 0.168 1.15 
3 6.82 6.82 6.91 2.98 3.84 8.50 292 38.1 22.4 15.8 14.6 316 0.168 1.18 
4 6.79 6.81 6.90 2.97 3.84 8.50 289 38.1 22.4 15.9 14.6 316 0.168 1.17 
5 6.78 6.81 6.90 2.97 3.84 8.50 289 38.1 22.5 15.9 14.6 317 0.168 1.17 
6 6.80 6.83 6.92 2.99 3.84 8.50 289 38.1 22.5 15.8 14.6 317 0.168 1.18 
7 6.77 6.82 6.90 2.98 3.84 8.52 288 38.1 22.5 15.8 14.6 318 0.168 1.17 
8 6.69 6.79 6.87 2.94 3.85 8.52 289 38.1 22.4 15.9 14.7 318 0.169 1.16 
DB 
9 6.66 6.74 6.87 2.89 3.85 8.52 289 38.1 22.4 15.9 14.8 319 0.169 1.15 
1 7.00 7.11 7.25 3.13 3.98 8.52 291 38.0 22.4 15.0 14.1 318 0.169 1.24 
2 7.02 7.13 7.20 3.13 4.00 8.52 290 38.0 22.4 14.9 14.0 317 0.169 1.24 DB 
3 7.07 7.17 7.23 3.17 4.01 8.52 290 38.1 22.4 14.9 13.9 318 0.169 1.25 
1 5.53 5.58 5.62 2.52 3.05 8.47 287 32.4 20.9 14.6 13.6 311 0.168 1.00 
2 5.59 5.68 5.73 2.58 3.09 8.50 284 32.4 20.9 14.4 13.5 313 0.168 1.02 
3 5.47 5.55 5.59 2.50 3.05 8.50 282 32.4 20.9 14.7 13.7 314 0.168 0.99 
4 5.54 5.65 5.69 2.57 3.08 8.47 280 32.4 20.9 14.4 13.5 312 0.168 1.01 
5 5.50 5.64 5.67 2.55 3.09 8.47 279 32.4 20.9 14.5 13.6 312 0.168 1.01 
DA 
6 5.55 5.66 5.69 2.56 3.10 8.50 277 32.4 20.9 14.4 13.5 314 0.168 1.01 
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Table C-22 MAC2R744 steady-state evaporator data for tests at MAC2HFC evaporator capacities (continued). 



















1 0.22 1.07 4112 48 6.8 15.5 15.6 15.8 14.8 
2 0.23 1.07 4144 47 7.0 15.6 15.7 15.9 15.0 
3 0.10 0.92 4736 39 12.4 12.1 12.0 12.0 12.0 
4 0.09 0.92 4737 37 12.4 12.1 12.0 12.0 12.0 
5 0.08 0.93 4740 36 12.4 12.1 12.0 12.1 12.1 
6 0.13 0.93 4741 41 12.5 12.1 12.0 12.2 12.1 
7 0.16 0.93 4750 46 12.6 12.2 12.1 12.3 12.2 
8 0.23 0.93 4765 55 12.8 12.3 12.1 12.4 12.2 
DB 
9 0.33 0.93 4790 76 13.1 12.4 12.3 12.4 12.4 
1 0.33 0.93 4677 84 12.0 11.4 11.4 11.5 11.5 
2 0.16 0.94 4660 49 11.6 11.3 11.3 11.3 11.4 DB 
3 0.13 0.97 4627 44 11.3 11.2 11.1 11.2 11.2 
1 0.52 0.93 4662 122 12.6 11.5 11.4 11.6 11.5 
2 0.46 0.94 4640 92 12.1 11.4 11.2 11.5 11.2 
3 0.37 0.93 4686 63 12.3 11.7 11.6 11.9 11.6 
4 0.32 0.93 4648 54 11.8 11.5 11.2 11.6 11.3 
5 0.27 0.96 4632 45 11.6 12.5 11.2 13.7 11.2 
DA 
6 0.27 0.99 4579 42 11.1 12.7 10.9 14.5 10.7 
 
Table C-23 MAC2R744 steady-state gas cooler data for tests at MAC2HFC evaporator capacities. 





























1 8.78 9.00 9.17 59.95 145 506 1.199 37.8 45.0 11950 62 128.8 38.2 28.8 
2 8.62 8.72 8.95 59.86 145 504 1.197 37.8 44.8 11519 63 124.5 38.3 29.3 
3 8.41 8.78 8.87 59.69 146 504 1.194 37.8 44.8 11110 75 103.2 38.7 23.6 
4 8.49 8.86 8.92 59.66 146 503 1.193 37.8 44.9 11554 71 106.4 38.6 23.0 
5 8.58 8.90 9.00 59.66 145 504 1.193 37.8 44.9 12047 68 109.9 38.4 22.5 
6 8.38 8.74 8.80 59.69 146 504 1.194 37.7 44.8 10603 79 100.4 39.0 25.1 
7 8.28 8.65 8.74 59.69 146 504 1.194 37.7 44.7 10020 88 96.8 39.7 27.1 
8 8.30 8.55 8.75 59.72 146 504 1.194 37.8 44.7 9517 107 94.3 40.4 30.3 
DB 
9 8.48 8.56 8.96 59.72 146 504 1.195 37.8 44.7 9063 155 92.3 40.6 34.4 
1 9.05 9.07 9.55 59.72 146 505 1.195 37.8 45.2 9114 166 95.5 40.8 34.2 
2 8.70 8.79 9.15 59.75 146 505 1.195 37.9 45.0 10250 89 100.0 39.4 26.5 DB 
3 8.98 9.07 9.37 59.72 146 505 1.194 37.9 45.2 11654 73 111.3 38.4 25.2 
1 8.28 9.00 8.84 59.24 149 504 1.185 48.6 55.7 9575 240 110.1 49.5 41.0 
2 7.99 8.68 8.53 59.21 149 503 1.184 48.5 55.4 10023 172 113.2 49.7 40.8 
3 7.43 8.13 7.95 59.10 148 501 1.182 48.5 55.0 10532 116 114.7 49.7 38.8 
4 7.51 8.11 7.96 59.10 148 501 1.182 48.5 55.0 10986 96 118.4 49.6 36.7 
5 7.39 7.92 7.83 59.04 148 500 1.181 48.5 54.8 11639 77 123.0 49.4 35.1 
DA 
6 7.38 7.93 7.87 58.98 148 499 1.180 48.5 54.9 12016 70 127.4 49.2 35.3 
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Table C-24 MAC2R744 steady-state SLHX data for tests at MAC2HFC evaporator capacities. 





















1 1.00 0.83 15.4 4081 33.3 4050 37.8 11941 28.8 11933 
2 1.00 0.83 15.7 4112 33.5 4081 37.9 11502 29.3 11492 
3 1.94 0.76 11.6 4707 28.7 4677 38.2 11094 23.5 11090 
4 1.87 0.75 11.6 4712 28.3 4686 38.0 11558 23.0 11555 
5 1.80 0.75 11.7 4718 27.9 4692 37.8 12072 22.5 12056 
6 1.95 0.78 11.6 4714 30.0 4684 38.4 10589 25.1 10581 
7 2.13 0.80 11.7 4719 31.3 4689 39.2 10004 27.1 9990 
8 2.41 0.84 11.8 4732 33.2 4697 39.9 9502 30.2 9488 
DB 
9 2.92 0.87 12.0 4743 34.6 4691 40.2 9031 34.4 9010 
1 3.05 0.87 10.9 4619 34.6 4565 40.4 9089 34.2 9054 
2 2.13 0.80 11.0 4630 31.1 4598 39.1 10241 26.4 10238 DB 
3 1.66 0.78 10.9 4600 30.2 4573 38.1 11656 25.1 11654 
1 4.31 0.86 10.6 4589 40.8 4512 48.8 9520 41.0 9480 
2 3.69 0.87 10.6 4585 41.7 4526 49.0 9988 40.7 9960 
3 3.09 0.87 11.1 4650 41.7 4606 49.1 10512 38.7 10500 
4 2.77 0.86 10.8 4613 41.3 4579 49.1 10968 36.6 10961 
5 2.27 0.84 10.9 4604 41.0 4574 48.8 11630 35.1 11630 
DA 
6 1.97 0.84 11.7 4549 41.3 4522 48.7 12010 35.2 12006 
 
C.2 Experimental Results for the First and Second-Generation Transcritical R744 Mobile A/C Systems 
Table C-25 MAC1R744 steady-state system data. 





















I17 1 11/18/98 950 9785 1.55 2.21 1.43 3.26 20.78 0.642 1.12 - 
I17 2 11/18/98 950 10321 1.56 2.34 1.51 3.60 19.80 0.706 1.16 - 
I17 3 11/18/98 950 10864 1.56 2.47 1.58 3.79 19.02 0.750 1.13 - 
I17 4 11/18/98 950 11370 1.53 2.53 1.65 3.92 18.45 0.778 1.09 - 
I17 5 11/18/98 950 11842 1.49 2.56 1.72 3.97 17.96 0.799 1.09 - 
M03 1 6/19/98 1801 10815 1.45 4.22 2.92 7.43 37.84 0.705 1.66 - 
M03 2 6/19/98 1800 10826 1.48 4.31 2.92 7.37 38.05 0.705 1.67 - 
M03 3 6/19/98 1800 10851 1.45 4.24 2.92 7.36 37.75 0.707 1.65 - 
M03 4 6/19/98 1800 10852 1.47 4.31 2.93 7.36 37.93 0.707 1.66 - 
H03 1 5/5/98 3008 9793 1.01 5.01 4.98 9.65 56.39 0.563 2.84 - 
H03 2 5/5/98 3005 9808 0.98 4.88 4.98 9.65 56.39 0.561 2.83 - 
H03 3 5/5/98 2990 10357 1.09 5.50 5.06 10.68 56.36 0.624 2.58 - 
H03 4 5/5/98 2989 10626 1.10 5.64 5.13 10.84 54.83 0.648 2.50 - 
H03 5 5/5/98 2960 11464 1.22 6.27 5.15 11.21 50.13 0.721 2.22 - 
I6 1 5/6/98 953 12399 1.56 2.59 1.66 3.91 26.39 0.664 0.14 - 
I6 2 5/6/98 953 12611 1.57 2.65 1.69 4.03 25.91 0.675 0.22 - 
I6 3 5/6/98 953 12794 1.58 2.71 1.72 4.07 25.61 0.685 0.15 - 
I6 4 5/6/98 953 12904 1.55 2.70 1.75 4.13 25.26 0.696 0.30 - 
I6 5 5/6/98 953 12908 1.57 2.71 1.73 4.09 25.05 0.692 0.06 - 
I6 6 5/6/98 953 13283 1.44 2.74 1.90 4.28 24.47 0.714 0.30 - 




Table C-26 MAC1R744 steady-state compressor data. 

























I17 1 950 14.33 1.43 1.43 0.920 0.70 0.76 2.54 3870 9979 34.6 111.1 
I17 2 950 15.13 1.51 1.49 0.913 0.69 0.74 2.74 3780 10497 33.3 116.1 
I17 3 950 15.91 1.58 1.61 0.909 0.67 0.72 2.93 3713 11029 32.0 120.5 
I17 4 950 16.61 1.65 1.69 0.905 0.66 0.71 3.10 3678 11527 31.5 124.7 
I17 5 950 17.26 1.72 1.79 0.903 0.65 0.69 3.25 3648 11995 31.0 128.1 
M03 1 1801 15.46 2.92 1.16 0.925 0.61 0.65 2.56 4269 11261 35.0 128.5 
M03 2 1800 15.51 2.92 1.44 0.922 0.62 0.65 2.57 4269 11274 35.8 128.3 
M03 3 1800 15.51 2.92 1.27 0.924 0.62 0.65 2.58 4261 11295 35.3 128.9 
M03 4 1800 15.56 2.93 1.54 0.921 0.62 0.65 2.58 4262 11298 36.1 128.7 
H03 1 3008 15.81 4.98 1.75 0.903 0.60 0.67 2.77 3734 10955 31.9 134.2 
H03 2 3005 15.82 4.98 2.07 0.902 0.60 0.68 2.77 3738 10968 32.8 134.4 
H03 3 2990 16.15 5.06 0.93 0.907 0.64 0.71 3.01 3590 11339 31.0 143.4 
H03 4 2989 16.37 5.13 0.53 0.909 0.64 0.69 3.11 3545 11551 30.0 147.4 
H03 5 2960 16.61 5.15 2.23 0.892 0.66 0.69 3.45 3412 12235 32.8 153.5 
I6 1 953 16.62 1.66 1.78 0.903 0.74 0.73 2.53 4926 12652 41.3 119.1 
I6 2 953 16.89 1.69 1.09 0.889 0.72 0.71 2.59 4890 12859 39.0 121.6 
I6 3 953 17.19 1.72 0.67 0.767 0.71 0.70 2.63 4881 13043 37.9 122.9 
I6 4 953 17.49 1.75 0.29 0.936 0.68 0.68 2.65 4890 13148 35.6 124.3 
I6 5 953 17.33 1.73 0.10 0.667 0.69 0.68 2.66 4883 13149 36.7 124.3 
I6 6 953 19.06 1.90 0.08 0.950 0.62 0.65 2.74 4875 13522 34.4 129.1 
I6 7 952 19.46 1.94 0.14 0.948 0.61 0.64 2.79 4865 13777 33.7 130.8 
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Mea   
[kg/s] 














I17 1 2.21 0.26 1.95 21.6 0.39 7.9 0.86 7.26 165 0.145 0.09 0.49 0.98 3941 3996 6.5 6.1 
I17 2 2.34 0.37 1.97 21.6 0.39 7.2 0.86 7.17 172 0.143 0.12 0.41 0.94 3846 3896 5.5 5.1 
I17 3 2.47 0.43 2.04 21.6 0.39 6.8 0.86 7.13 176 0.143 0.15 0.36 0.94 3776 3823 4.8 4.5 
I17 4 2.53 0.47 2.06 21.6 0.39 6.5 0.86 7.11 177 0.142 0.16 0.33 0.93 3739 3784 4.3 4.0 
I17 5 2.56 0.51 2.05 21.6 0.39 6.2 0.87 6.99 176 0.140 0.17 0.30 0.93 3706 3750 4.0 3.7 
M03 1 4.22 1.42 2.80 32.3 0.42 13.6 0.92 7.21 190 0.144 0.57 0.37 0.94 4414 4517 11.9 10.9 
M03 2 4.31 1.49 2.82 32.4 0.42 13.6 0.89 7.21 191 0.144 0.60 0.37 0.95 4416 4519 11.9 10.8 
M03 3 4.24 1.47 2.78 32.3 0.42 13.6 0.91 7.21 190 0.144 0.58 0.37 0.94 4406 4509 11.8 10.8 
M03 4 4.31 1.50 2.80 32.4 0.42 13.6 0.89 7.20 191 0.144 0.60 0.37 0.95 4409 4512 11.8 10.8 
H03 1 5.01 1.86 3.15 32.7 0.41 12.2 0.87 7.34 225 0.147 0.75 0.51 0.96 4185 4458 11.0 8.3 
H03 2 4.88 1.72 3.16 32.7 0.40 12.3 0.86 7.26 229 0.145 0.71 0.51 0.95 4189 4461 11.1 8.3 
H03 3 5.50 2.13 3.37 32.5 0.40 10.5 0.84 7.40 222 0.148 0.85 0.47 0.95 3998 4243 9.1 6.6 
H03 4 5.64 2.24 3.40 32.6 0.41 9.9 0.89 7.36 218 0.147 0.88 0.45 0.95 3938 4173 8.4 6.0 
H03 5 6.27 2.72 3.55 32.6 0.40 8.3 0.78 7.27 215 0.145 1.05 0.38 0.96 3765 3966 6.3 4.2 
I6 1 2.59 0.41 2.18 32.6 0.40 17.7 0.89 7.09 175 0.142 0.17 0.44 0.99 4982 5033 16.0 15.7 
I6 2 2.65 0.49 2.17 32.6 0.40 17.4 0.88 7.03 180 0.141 0.19 0.43 0.99 4944 4994 15.6 15.4 
I6 3 2.71 0.53 2.18 32.7 0.40 17.4 0.88 7.05 184 0.141 0.21 0.42 1.00 4932 4982 15.5 15.3 
I6 4 2.70 0.51 2.19 32.6 0.40 17.4 0.88 7.08 185 0.142 0.20 0.40 0.99 4940 4987 15.6 15.3 
I6 5 2.71 0.53 2.19 32.7 0.40 17.4 0.88 7.07 185 0.141 0.21 0.41 1.01 4932 4979 15.5 15.3 
I6 6 2.74 0.53 2.21 32.6 0.40 17.4 0.87 7.05 187 0.141 0.22 0.38 1.00 4922 4967 15.5 15.2 
I6 7 2.76 0.58 2.18 32.6 0.40 17.3 0.86 7.03 187 0.141 0.23 0.37 1.00 4910 4954 15.4 15.2 
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Table C-28 MAC1R744 steady-state gas cooler data. 























I17 1 3.26 43.6 22.56 0.451 39 47.3 9785 9833 106.8 46.0 40.2 
I17 2 3.60 43.6 22.56 0.451 40 47.8 10321 10355 111.7 46.3 38.2 
I17 3 3.79 43.6 22.58 0.452 40 48.1 10864 10888 115.8 46.2 36.0 
I17 4 3.92 43.6 22.57 0.452 40 48.3 11370 11388 119.7 45.9 34.4 
I17 5 3.97 43.6 22.58 0.452 40 48.1 11842 11854 123 45.6 33.0 
M03 1 7.43 42.7 26.86 0.537 46 51.6 10815 10937 124.7 49.0 39.0 
M03 2 7.37 42.8 26.87 0.537 46 51.7 10826 10950 124.3 49.0 39.0 
M03 3 7.36 42.9 26.85 0.537 46 51.7 10851 10974 125 49.1 39.0 
M03 4 7.36 42.9 26.86 0.537 46 51.8 10852 10975 124.7 49.1 39.0 
H03 1 9.65 43.6 35.03 0.701 62 52.6 9793 10338 129.3 49.4 41.5 
H03 2 9.65 43.9 35.00 0.700 62 52.9 9808 10351 129.5 49.7 41.6 
H03 3 10.68 43.5 35.06 0.701 61 52.9 10357 10792 138.6 50.2 41.7 
H03 4 10.84 43.7 35.03 0.700 61 53.3 10626 11025 142.6 50.6 41.5 
H03 5 11.21 43.5 35.03 0.700 60 53.5 11464 11756 148.9 50.7 39.0 
I6 1 3.91 55.1 22.85 0.457 45 60.4 12399 12464 115.8 58.0 46.7 
I6 2 4.03 55.0 22.84 0.457 44 60.3 12611 12672 118 57.8 46.5 
I6 3 4.07 55.0 22.85 0.457 44 60.3 12794 12855 119.2 57.7 46.3 
I6 4 4.13 54.9 22.81 0.456 44 60.3 12904 12960 120.5 57.7 45.5 
I6 5 4.09 55.0 22.84 0.457 44 60.2 12908 12964 120.6 57.6 45.9 
I6 6 4.28 54.9 22.81 0.456 44 60.4 13283 13335 125 57.7 44.8 
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Table C-29 MAC1R744 steady-state SLHX data. 









I17 1 0.96 0.67 5.4 28.4 
I17 2 0.94 0.65 4.4 26.3 
I17 3 0.88 0.63 3.7 24.9 
I17 4 0.82 0.60 3.3 22.6 
I17 5 0.79 0.59 3.0 21.2 
M03 1 2.03 0.68 9.3 30.7 
M03 2 2.03 0.68 9.4 30.8 
M03 3 2.02 0.68 9.2 30.7 
M03 4 2.02 0.68 9.3 30.7 
H03 1 3.41 0.72 6.3 30.9 
H03 2 3.44 0.72 6.3 31.1 
H03 3 3.16 0.70 4.5 31.3 
H03 4 3.06 0.70 4.0 31.1 
H03 5 2.68 0.66 2.3 28.4 
I6 1 1.33 0.64 14.6 37.4 
I6 2 1.26 0.63 14.3 37.0 
I6 3 1.22 0.62 14.2 36.4 
I6 4 1.25 0.62 14.2 35.6 
I6 5 1.19 0.62 14.2 36.1 
I6 6 1.19 0.60 14.1 34.6 
I6 7 1.15 0.59 13.9 33.8 
 
 
Table C-30 MAC2R744 steady-state system data. 





















I17 A 4/27/01 940 9303 1.56 3.22 2.06 4.79 30.31 0.631 1.53 0.754 
I17 A 4/27/01 939 9582 1.61 3.40 2.11 5.06 29.14 0.686 1.68 0.762 
I17 B 4/23/01 550 10524 1.99 2.69 1.35 3.63 18.46 0.816 1.73 0.758 
I17 B 4/23/01 550 11590 1.85 2.73 1.48 3.81 17.29 0.856 1.68 0.750 
I17 B 4/23/01 550 10048 1.97 2.55 1.30 3.47 19.06 0.778 1.72 0.763 
I17 B 4/23/01 550 10856 1.90 2.63 1.39 3.74 17.93 0.830 1.68 0.754 
I17 C 4/25/01 598 10896 1.67 2.56 1.53 3.54 16.57 0.799 -0.15 0.625 
I17 C 4/25/01 598 11493 1.58 2.56 1.63 3.61 15.83 0.821 -0.18 0.545 
I17 C 4/25/01 598 10110 1.71 2.52 1.47 3.49 17.64 0.743 -0.22 0.668 
I17 C 4/25/01 598 9652 1.69 2.39 1.42 3.34 19.03 0.680 -0.03 0.598 
M3 A 4/27/01 1794 9062 1.35 5.60 4.16 9.16 69.67 0.553 2.64 0.845 
M3 A 4/27/01 1794 9816 1.48 6.45 4.35 10.13 58.87 0.657 2.22 0.846 
M3 A 4/27/01 1794 10592 1.56 7.02 4.49 10.77 52.20 0.747 2.05 0.835 
M3 B 4/24/01 635 10856 2.54 4.10 1.61 5.31 28.85 0.810 1.74 0.819 
M3 B 4/24/01 635 11531 2.45 4.21 1.72 5.48 27.91 0.835 1.65 0.818 
M3 B 4/24/01 635 9994 2.59 3.76 1.45 4.82 30.58 0.743 1.69 0.821 
M3 B 4/24/01 635 9380 2.48 3.26 1.32 4.24 33.30 0.652 1.75 0.819 
M3 C 4/24/01 611 10851 2.59 3.97 1.53 5.11 27.29 0.783 -0.33 0.350 
M3 C 4/24/01 635 10955 2.52 4.06 1.61 5.31 27.67 0.787 -0.31 0.274 
M3 C 4/24/01 662 11049 2.40 4.09 1.71 5.49 28.00 0.791 -0.44 0.328 
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Table C-31 MAC2R744 steady-state system data (continued). 





















H3 A 5/7/01 2373 9612 1.24 6.97 5.64 11.87 65.30 0.664 1.61 0.833 
H3 A 5/7/01 2382 9113 1.16 6.50 5.62 11.41 74.59 0.572 1.81 0.829 
H3 B 4/26/01 1319 11352 1.89 6.55 3.47 9.14 41.77 0.815 1.82 0.792 
H3 B 4/26/01 1253 11447 1.91 6.32 3.31 8.92 40.34 0.817 1.72 0.773 
H3 B 4/26/01 1249 11953 1.87 6.36 3.40 9.03 39.42 0.835 1.71 0.762 
H3 B 4/26/01 1250 10950 1.94 6.18 3.19 8.74 41.63 0.789 1.68 0.772 
H3 B 4/26/01 1250 10397 1.93 5.94 3.07 8.40 43.85 0.745 1.67 0.777 
H3 B 4/26/01 1254 9740 1.87 5.47 2.92 7.77 48.24 0.661 1.64 0.787 
H3 C 4/26/01 1251 11391 1.91 6.26 3.27 8.90 40.03 0.798 -0.36 0.795 
H3 C 4/26/01 1250 10666 1.95 6.06 3.11 8.54 42.22 0.753 0.44 0.671 
H3 C 4/26/01 1252 10064 1.91 5.69 2.98 8.09 45.36 0.689 0.15 0.524 
I6 A 5/2/01 943 10070 1.51 3.32 2.20 4.80 45.92 0.545 1.57 0.824 
I6 A 5/2/01 941 11009 1.63 3.93 2.42 5.68 40.74 0.647 1.53 0.823 
I6 A 5/2/01 940 12104 1.68 4.42 2.64 6.42 36.74 0.734 1.48 0.816 
I6 A 5/2/01 940 13046 1.65 4.58 2.79 6.72 33.72 0.763 -0.15 0.277 
I6 D 5/2/01 550 11207 1.90 2.67 1.41 3.54 26.72 0.669 1.32 0.781 
I6 D 5/2/01 699 10211 1.67 2.68 1.60 3.76 35.98 0.562 1.18 0.805 
I6 D 5/2/01 515 11751 1.95 2.71 1.39 3.55 24.16 0.707 0.24 0.669 
I6FV - 5/2/01 939 13048 1.64 4.57 2.78 6.68 33.38 0.761 -0.08 0.273 
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Table C-32 MAC2R744 steady-state compressor data. 



























I17 A 940 20.96 2.06 1.38 0.297 0.81 0.84 3512 2.71 3466 9385 40.4 127.9 
I17 A 939 21.44 2.11 1.39 0.284 0.80 0.83 3480 2.84 3403 9657 40.3 132.5 
I17 B 550 23.50 1.35 1.75 0.297 0.75 0.77 3860 2.79 3785 10555 38.2 128.2 
I17 B 550 25.69 1.48 1.91 0.300 0.72 0.73 3835 3.11 3736 11620 36.7 138.1 
I17 B 550 22.52 1.30 1.67 0.285 0.76 0.79 3904 2.63 3836 10083 39.2 123.8 
I17 B 550 24.09 1.39 1.81 0.289 0.74 0.75 3853 2.89 3763 10888 37.6 131.5 
I17 C 598 24.48 1.53 1.81 0.186 0.68 0.70 3629 3.10 3521 10920 39.5 144.5 
I17 C 598 26.01 1.63 1.90 0.190 0.65 0.67 3673 3.29 3506 11516 38.9 152.2 
I17 C 598 23.51 1.47 1.71 0.171 0.69 0.74 3688 2.82 3595 10138 40.7 136.3 
I17 C 598 22.61 1.42 1.65 0.167 0.70 0.76 3798 2.61 3716 9684 41.3 128.6 
M3 A 1794 22.15 4.16 1.40 0.300 0.79 0.87 3865 2.47 3831 9467 36.9 118.8 
M3 A 1794 23.13 4.35 1.47 0.293 0.80 0.84 3568 2.89 3501 10099 39.6 136.8 
M3 A 1794 23.87 4.49 1.54 0.284 0.79 0.80 3490 3.28 3297 10813 39.8 149.9 
M3 B 635 24.26 1.61 1.89 0.317 0.79 0.82 4566 2.43 4500 10915 36.1 113.4 
M3 B 635 25.83 1.72 2.01 0.320 0.77 0.80 4541 2.60 4462 11588 35.0 119.2 
M3 B 635 21.84 1.45 1.74 0.307 0.81 0.86 4665 2.18 4611 10067 38.2 105.3 
M3 B 635 19.79 1.32 1.64 0.308 0.83 0.88 4847 1.97 4803 9464 38.9 96.4 
M3 C 611 23.92 1.53 1.87 0.300 0.79 0.82 4558 2.43 4486 10906 37.6 115.1 
M3 C 635 24.20 1.61 1.88 0.271 0.79 0.81 4520 2.48 4444 11008 37.5 117.3 
M3 C 662 24.64 1.71 1.94 0.227 0.77 0.80 4485 2.52 4404 11103 37.5 120.0 
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Table C-33 MAC2R744 steady-state compressor data (continued). 



























H3 A 2373 22.69 5.64 1.80 0.291 0.77 0.81 3419 3.22 3097 9978 38.5 148.3 
H3 A 2382 22.51 5.62 1.68 0.253 0.77 0.84 3505 2.88 3326 9591 36.2 135.0 
H3 B 1319 25.12 3.47 1.85 0.296 0.79 0.79 3619 3.26 3526 11477 37.1 145.0 
H3 B 1253 25.21 3.31 1.87 0.280 0.78 0.78 3697 3.22 3595 11563 36.7 143.6 
H3 B 1249 26.01 3.40 1.95 0.292 0.78 0.77 3612 3.38 3565 12062 36.0 147.9 
H3 B 1250 24.39 3.19 1.79 0.268 0.79 0.80 3739 3.04 3647 11076 37.6 138.8 
H3 B 1250 23.49 3.07 1.71 0.253 0.80 0.82 3827 2.82 3744 10543 38.7 132.3 
H3 B 1254 22.22 2.92 1.62 0.246 0.81 0.85 4006 2.52 3935 9921 39.4 122.0 
H3 C 1251 24.97 3.27 1.86 0.263 0.79 0.78 3696 3.21 3591 11508 37.3 144.2 
H3 C 1250 23.78 3.11 1.74 0.239 0.80 0.81 3771 2.93 3680 10798 38.7 136.5 
H3 C 1252 22.71 2.98 1.67 0.227 0.81 0.83 3899 2.67 3821 10219 39.7 128.2 
I6 A 943 22.27 2.20 1.58 0.339 0.84 0.89 4745 2.17 4707 10233 46.0 113.6 
I6 A 941 24.56 2.42 1.71 0.336 0.83 0.86 4510 2.50 4457 11129 47.2 128.2 
I6 A 940 26.79 2.64 1.85 0.335 0.81 0.82 4337 2.86 4267 12200 46.9 141.5 
I6 A 940 28.33 2.79 1.96 0.333 0.79 0.78 4210 3.18 4127 13121 47.0 153.1 
I6 D 550 24.50 1.41 1.75 0.322 0.80 0.84 5020 2.27 4965 11254 47.8 119.1 
I6 D 699 21.90 1.60 1.62 0.333 0.84 0.89 4973 2.09 4933 10305 47.0 110.4 
I6 D 515 25.88 1.39 1.83 0.326 0.79 0.82 4973 2.40 4908 11796 47.7 124.4 
I6FV - 939 28.27 2.78 1.95 0.325 0.79 0.78 4192 3.20 4105 13123 47.1 153.7 
 
166 

















































I17 A 3.22 3.26 3.38 0.66 2.61 21.4 7.0 3.4 2.1 7.16 169 215 0.143 0.26 0.47 0.93 3524 37 0.9 3.1 0.4 2.4 0.5 
I17 A 3.40 3.48 3.58 0.74 2.74 21.4 7.0 2.5 1.3 7.16 170 214 0.143 0.30 0.42 0.92 3458 33 0.2 1.7 -0.3 1.3 -0.2 
I17 B 2.69 2.64 2.84 0.42 2.22 21.8 7.4 6.3 4.6 7.12 164 216 0.142 0.17 0.23 0.90 3804 10 3.4 5.8 3.2 3.3 3.4 
I17 B 2.73 2.70 2.89 0.45 2.25 21.8 7.5 6.2 4.4 7.15 164 218 0.143 0.18 0.19 0.90 3754 9 2.9 5.7 2.7 2.8 2.9 
I17 B 2.55 2.54 2.72 0.37 2.17 21.8 7.5 6.8 5.1 7.17 163 219 0.143 0.15 0.28 0.89 3856 11 3.9 6.4 3.7 3.8 3.9 
I17 B 2.63 2.68 2.86 0.43 2.24 21.8 7.5 6.3 4.6 7.17 163 219 0.143 0.17 0.22 0.88 3783 9 3.1 5.9 3.0 3.1 3.2 
I17 C 2.56 2.61 2.73 0.48 2.14 21.4 7.1 6.7 3.6 7.12 159 215 0.143 0.19 0.28 0.96 3538 10 0.7 6.5 0.5 2.7 5.8 
I17 C 2.56 2.61 2.71 0.48 2.13 21.4 7.0 6.7 3.6 7.13 158 216 0.143 0.19 0.26 0.96 3521 10 0.4 6.5 0.3 2.7 5.8 
I17 C 2.52 2.54 2.64 0.42 2.12 21.4 7.1 6.8 4.1 7.15 157 217 0.143 0.17 0.34 0.97 3613 12 1.4 6.7 1.3 3.5 6.1 
I17 C 2.39 2.44 2.52 0.32 2.12 21.4 7.1 6.9 4.8 7.17 155 218 0.143 0.13 0.41 0.97 3736 12 2.7 7.0 2.5 4.7 6.6 
M3 A 5.60 5.61 5.70 2.17 3.44 32.3 17.8 9.5 8.0 7.25 200 224 0.145 0.88 0.50 0.88 4071 138 7.4 6.0 5.9 6.0 6.0 
M3 A 6.45 6.50 6.57 2.61 3.89 32.2 17.7 6.4 5.2 7.24 203 222 0.145 1.06 0.44 0.93 3705 119 3.6 2.4 2.3 2.4 2.4 
M3 A 7.02 7.09 7.19 2.85 4.24 32.3 17.8 4.2 3.2 7.23 207 219 0.145 1.16 0.36 0.94 3473 104 1.0 0.0 -0.2 -0.1 -0.1 
M3 B 4.10 4.11 4.24 1.37 2.75 32.2 17.5 13.5 11.7 7.05 182 214 0.141 0.56 0.18 0.91 4536 21 10.5 11.0 10.2 10.3 10.3 
M3 B 4.21 4.21 4.33 1.43 2.78 32.2 17.6 13.2 11.5 7.06 184 215 0.141 0.58 0.15 0.92 4495 20 10.0 12.7 9.9 9.9 9.9 
M3 B 3.76 3.81 3.91 1.18 2.63 32.2 17.6 14.3 12.8 7.09 181 218 0.142 0.48 0.27 0.91 4649 24 11.4 14.1 11.2 11.3 11.3 
M3 B 3.26 3.32 3.43 0.89 2.43 32.2 17.6 15.6 14.2 7.12 178 221 0.143 0.36 0.38 0.91 4846 29 13.1 15.2 12.9 13.0 12.9 
M3 C 3.97 4.04 4.11 1.31 2.73 32.2 17.7 13.9 12.5 7.23 184 226 0.145 0.53 0.23 0.97 4517 20 10.2 13.8 10.0 12.6 10.1 
M3 C 4.06 4.14 4.22 1.34 2.80 32.2 17.7 13.6 12.2 7.23 184 226 0.145 0.55 0.23 0.97 4477 21 9.8 13.5 9.6 12.3 9.7 
M3 C 4.09 4.26 4.32 1.40 2.86 32.2 17.6 13.2 11.9 7.22 185 225 0.145 0.57 0.23 0.96 4438 22 9.4 13.1 9.2 12.0 9.3 
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H3 A 6.97 7.20 7.22 2.78 4.42 32.7 17.7 3.8 3.3 7.23 231 220 0.145 1.13 0.44 0.90 3395 159 0.8 -0.9 -1.1 4.0 -1.1 
H3 A 6.50 6.71 6.71 2.58 4.13 32.7 17.7 5.6 5.1 7.27 227 224 0.145 1.05 0.50 0.89 3653 178 3.6 1.8 1.6 4.1 1.6 
H3 B 6.55 6.53 6.67 2.60 3.94 32.3 17.2 5.9 4.7 7.30 205 226 0.146 1.06 0.26 0.95 3633 62 2.1 4.0 1.5 2.7 1.5 
H3 B 6.32 6.37 6.48 2.47 3.90 32.2 17.3 6.4 5.1 7.23 200 222 0.145 1.00 0.25 0.95 3690 56 2.7 4.5 2.1 4.0 2.1 
H3 B 6.36 6.44 6.56 2.50 3.94 32.2 17.3 6.1 4.9 7.22 201 221 0.145 1.02 0.23 0.95 3659 55 2.3 4.2 1.8 3.7 1.8 
H3 B 6.18 6.26 6.36 2.42 3.84 32.3 17.3 6.8 5.6 7.23 200 222 0.145 0.98 0.28 0.95 3744 58 3.3 5.6 2.6 4.1 2.6 
H3 B 5.94 6.03 6.12 2.31 3.72 32.3 17.4 7.6 6.4 7.23 198 223 0.145 0.94 0.33 0.95 3847 61 4.3 6.2 3.6 3.9 3.6 
H3 B 5.47 5.54 5.64 2.08 3.46 32.3 17.4 9.3 8.0 7.25 195 226 0.145 0.84 0.42 0.95 4048 70 6.4 5.8 5.6 8.0 5.6 
H3 C 6.26 6.35 6.45 2.47 3.89 32.3 17.3 6.4 5.3 7.23 200 222 0.145 1.00 0.28 0.98 3679 56 2.5 5.5 2.0 6.3 1.9 
H3 C 6.06 6.16 6.25 2.38 3.78 32.3 17.3 7.1 6.1 7.24 199 223 0.145 0.97 0.33 0.98 3774 59 3.5 6.1 2.9 7.1 2.9 
H3 C 5.69 5.81 5.92 2.19 3.62 32.3 17.4 8.3 7.2 7.26 196 225 0.145 0.89 0.39 0.97 3925 64 5.0 6.4 4.4 8.1 4.3 
I6 A 3.32 3.30 3.34 0.86 2.44 32.0 17.0 15.0 13.6 7.07 178 219 0.142 0.35 0.55 0.93 4791 53 13.1 12.7 12.5 12.7 12.6 
I6 A 3.93 3.98 4.02 1.25 2.74 32.0 17.0 13.1 11.7 7.05 184 217 0.141 0.51 0.45 0.94 4531 46 10.8 10.5 10.2 10.3 11.1 
I6 A 4.42 4.50 4.53 1.52 2.99 31.9 17.0 11.6 10.2 7.07 185 217 0.142 0.62 0.35 0.94 4332 42 8.9 8.7 8.4 8.7 8.6 
I6 A 4.58 4.70 4.73 1.62 3.09 31.9 16.9 11.0 9.7 7.10 184 218 0.142 0.66 0.33 0.99 4185 39 7.4 11.2 7.0 10.5 10.5 
I6 D 2.67 2.74 2.77 0.46 2.28 32.0 16.9 16.3 15.2 7.19 176 227 0.144 0.19 0.40 0.95 4992 15 14.1 14.3 14.1 14.3 14.2 
I6 D 2.68 2.74 2.78 0.46 2.28 31.8 16.8 16.2 15.1 7.21 175 228 0.144 0.19 0.53 0.95 4984 30 14.2 14.1 14.0 14.1 15.5 
I6 D 2.71 2.79 2.81 0.48 2.31 31.8 16.8 16.0 15.0 7.23 174 228 0.145 0.19 0.35 0.97 4931 14 13.6 15.9 13.6 14.6 13.7 
I6FV - 4.57 4.71 4.72 1.62 3.09 32.0 17.0 11.0 9.8 7.12 183 219 0.142 0.66 0.34 0.99 4163 39 7.2 11.5 6.8 10.5 11.1 
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Table C-36 MAC2R744 steady-state gas cooler data. 





























I17 A 4.79 4.78 5.10 43.4 22.36 0.447 40 53.6 72 9303 57 124.9 44.7 37.5 
I17 A 5.06 5.01 5.34 43.4 22.34 0.447 40 54.1 72 9582 54 129.3 44.9 35.8 
I17 B 3.63 3.53 3.84 43.3 22.39 0.448 40 50.8 72 10524 30 123.6 43.8 26.7 
I17 B 3.81 3.64 3.97 43.3 22.40 0.448 40 51.1 73 11590 28 133.2 43.5 23.1 
I17 B 3.47 3.39 3.69 43.3 22.41 0.448 40 50.5 72 10048 30 119.4 43.9 29.8 
I17 B 3.74 3.55 3.88 43.3 22.40 0.448 40 50.9 72 10856 29 126.7 43.6 25.4 
I17 C 3.54 3.53 3.83 43.4 22.63 0.453 41 50.8 73 10896 27 137.8 43.7 29.1 
I17 C 3.61 3.56 3.87 43.3 22.63 0.453 41 50.8 73 11493 26 144.8 43.6 27.6 
I17 C 3.49 3.41 3.72 43.3 22.65 0.453 41 50.5 73 10110 28 130.8 43.9 33.0 
I17 C 3.34 3.25 3.57 43.3 22.66 0.453 41 50.2 73 9652 30 123.8 43.9 36.2 
M3 A 9.16 9.05 9.52 43.4 27.07 0.541 52 59.4 108 9062 243 116.7 46.4 38.3 
M3 A 10.13 9.93 10.51 43.4 27.12 0.542 52 60.9 108 9816 171 134.5 47.4 37.9 
M3 A 10.77 10.50 11.19 43.4 27.12 0.543 52 61.9 109 10592 130 147.0 47.7 34.0 
M3 B 5.31 5.22 5.57 42.7 26.65 0.533 50 52.1 102 10856 46 111.3 43.8 27.9 
M3 B 5.48 5.38 5.74 42.7 26.77 0.535 50 52.3 103 11531 43 116.7 43.4 25.9 
M3 B 4.82 4.74 5.10 42.7 26.75 0.535 50 51.2 102 9994 54 103.4 44.2 32.9 
M3 B 4.24 4.17 4.51 42.7 26.75 0.535 50 50.2 102 9380 62 94.8 43.9 37.0 
M3 C 5.11 4.98 5.36 42.7 26.77 0.535 50 51.6 103 10851 42 112.7 43.6 31.0 
M3 C 5.31 5.14 5.54 42.7 26.77 0.536 50 51.9 103 10955 45 114.8 43.6 30.7 
M3 C 5.49 5.30 5.72 42.7 26.76 0.535 50 52.2 103 11049 45 117.3 43.6 30.3 
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H3 A 11.87 11.81 12.36 43.5 35.06 0.701 74 59.6 180 9612 223 145.7 46.8 36.9 
H3 A 11.41 11.36 11.93 43.4 35.03 0.701 74 58.9 180 9113 283 132.7 46.2 38.0 
H3 B 9.14 9.25 9.68 43.4 35.11 0.702 73 56.0 179 11352 82 142.0 45.3 28.3 
H3 B 8.92 8.98 9.36 43.3 35.06 0.701 72 55.5 178 11447 76 140.7 45.1 28.1 
H3 B 9.03 9.08 9.50 43.4 35.00 0.700 72 55.7 178 11953 72 144.7 44.7 26.7 
H3 B 8.74 8.75 9.15 43.3 35.00 0.700 72 55.3 178 10950 81 136.0 45.5 30.4 
H3 B 8.40 8.41 8.82 43.4 34.97 0.700 72 54.8 177 10397 90 129.8 45.8 33.6 
H3 B 7.77 7.81 8.22 43.4 34.97 0.699 72 54.0 177 9740 110 119.7 45.6 37.5 
H3 C 8.90 8.86 9.30 43.4 34.97 0.700 72 55.5 178 11391 73 141.0 45.0 30.3 
H3 C 8.54 8.53 8.97 43.4 34.97 0.700 72 55.0 177 10666 82 133.6 45.5 33.5 
H3 C 8.09 8.08 8.54 43.4 35.00 0.700 72 54.4 177 10064 95 125.6 45.7 36.8 
I6 A 4.80 5.08 5.25 54.2 22.76 0.455 43 64.5 77 10070 109 112.3 55.1 43.6 
I6 A 5.68 5.87 6.09 54.2 22.77 0.455 43 66.1 77 11009 84 126.3 55.5 42.8 
I6 A 6.42 6.48 6.76 54.2 22.64 0.453 43 67.4 77 12104 68 139.1 55.6 39.2 
I6 A 6.72 6.73 7.05 54.2 22.64 0.453 43 68.0 77 13046 58 149.8 55.3 38.5 
I6 D 3.54 3.64 3.85 54.2 22.82 0.456 43 61.6 76 11207 44 116.3 54.5 42.2 
I6 D 3.76 3.88 4.10 54.2 22.83 0.457 43 62.1 76 10211 73 108.4 54.5 43.9 
I6 D 3.55 3.63 3.87 54.3 22.82 0.457 43 61.6 76 11751 38 121.3 54.5 40.8 
I6FV - 6.68 6.76 7.03 54.2 24.90 0.498 48 66.8 92 13048 56 150.4 55.1 38.7 
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Table C-38 MAC2R744 steady-state SLHX data. 





















I17 A 1.91 0.94 0.1 3506 40.4 3480 44.2 9287 37.5 9283 
I17 A 1.88 0.94 -0.6 3440 40.4 3417 44.4 9575 35.7 9564 
I17 B 1.19 0.91 3.1 3798 38.0 3790 43.4 10518 26.7 10516 
I17 B 1.07 0.89 2.6 3746 36.5 3738 43.1 11588 23.0 11600 
I17 B 1.23 0.92 3.7 3851 39.1 3842 43.6 10052 29.8 10046 
I17 B 1.12 0.90 2.9 3776 37.4 3765 43.2 10869 25.4 10862 
I17 C 0.86 0.92 1.2 3534 39.3 3525 43.3 10906 29.1 10893 
I17 C 0.81 0.91 1.3 3518 38.7 3508 43.2 11500 27.5 11495 
I17 C 0.93 0.94 2.1 3609 40.6 3602 43.6 10108 32.9 10106 
I17 C 1.01 0.95 3.3 3728 41.3 3722 43.6 9643 36.1 9639 
M3 A 4.85 0.88 5.1 3991 37.4 3895 45.8 9014 38.3 8967 
M3 A 3.91 0.90 1.5 3635 40.1 3558 46.8 9787 37.9 9763 
M3 A 3.42 0.90 -0.8 3416 40.1 3340 47.4 10587 33.9 10557 
M3 B 1.61 0.85 10.0 4527 36.1 4510 43.4 10925 27.9 10935 
M3 B 1.53 0.84 9.7 4479 35.0 4471 43.0 11542 25.8 11547 
M3 B 1.77 0.89 11.1 4642 38.3 4621 43.9 9994 32.9 9985 
M3 B 1.93 0.90 12.7 4829 39.0 4808 43.6 9367 36.9 9347 
M3 C 1.28 0.86 10.1 4502 37.6 4493 43.2 10842 30.9 10844 
M3 C 1.30 0.86 9.7 4469 37.5 4455 43.2 10943 30.6 10930 
M3 C 1.32 0.86 9.3 4425 37.5 4412 43.2 11034 30.3 11035 
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Table C-39 MAC2R744 steady-state SLHX data (continued). 





















H3 A 4.83 0.92 -2.1 3296 39.1 3174 46.3 9574 36.9 9549 
H3 A 5.35 0.89 0.5 3539 37.0 3426 45.6 9060 38.0 9018 
H3 B 2.44 0.87 1.1 3598 37.3 3555 45.0 11347 28.3 11344 
H3 B 2.28 0.86 1.8 3658 36.9 3645 44.6 11444 28.1 11450 
H3 B 2.19 0.85 1.5 3622 36.2 3602 44.4 11976 26.6 11955 
H3 B 2.38 0.87 2.3 3709 37.9 3670 45.1 10933 30.4 10919 
H3 B 2.54 0.89 3.3 3814 39.0 3774 45.4 10388 33.6 10373 
H3 B 2.80 0.90 5.3 4009 39.6 3961 45.2 9717 37.5 9694 
H3 C 2.05 0.86 1.7 3645 37.5 3612 44.7 11387 30.3 11381 
H3 C 2.21 0.88 2.7 3743 38.9 3704 45.2 10653 33.4 10634 
H3 C 2.41 0.90 4.1 3887 40.0 3851 45.4 10042 36.8 10031 
I6 A 3.14 0.87 12.1 4765 46.3 4732 54.4 10044 43.5 10023 
I6 A 2.79 0.88 9.9 4505 47.4 4474 54.9 10994 42.7 10974 
I6 A 2.46 0.87 8.2 4312 47.0 4282 55.2 12107 39.2 12091 
I6 A 1.97 0.86 8.2 4164 47.1 4141 54.9 13039 38.5 13032 
I6 D 1.72 0.89 14.1 4978 47.9 4967 54.2 11191 42.1 11188 
I6 D 2.37 0.88 13.9 4963 47.2 4944 54.2 10186 43.8 10173 
I6 D 1.48 0.88 13.7 4923 47.8 4915 54.2 11754 40.8 11747 
I6FV - 1.90 0.87 8.7 4143 47.2 4119 54.7 13045 38.7 13037 
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 12000 kPa 
 10000 kPa 
 9000 kPa 
 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R 744 - I17
1A
 ; Pcro  = 9303 kPa ; Mr = 30.3  g /s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-1 T-h plot comparing state points of first MAC2R744 “A” test to MAC1R744 system state points at the 
I17 test condition. 















 12000 kPa 
 10000 kPa 
 9000 kPa 
 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I172A  ; Pcro = 9582 k Pa ;  Mr = 29.1 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-2 T-h plot comparing state points of second MAC2R744 “A” test to MAC1R744 system state points at 
the I17 test condition. 
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 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R 744 - I17
1B
 ; Pcro = 10524 kPa ; Mr = 18.5 g/s
MAC2R744 Air Temperatures GC/Evaporator
MAC1R744 Air Temperatures GC/Evaporator
 
 
Figure C-3 T-h plot comparing state points of first MAC2R744 “B” test to MAC1R744 system state points at the 
I17 test condition. 
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 9000 kPa  11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I17
2B
 ;  Pcro = 11590 k Pa ;  Mr = 17.3 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-4 T-h plot comparing state points of second MAC2R744 “B” test to MAC1R744 system state points at 
the I17 test condition. 
  175 















 12000 kPa 
 10000 kPa 
 9000 kPa  11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I173B  ;  Pc ro = 10048 k Pa ; Mr = 19 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-5 T-h plot comparing state points of third MAC2R744 “B” test to MAC1R744 system state points at 
the I17 test condition. 
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 10000 kPa  9000 kPa 
 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I174B  ; Pcro = 10856 kPa ; Mr = 17.9 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-6 T-h plot comparing state points of fourth MAC2R744 “B” test to MAC1R744 system state points at 
the I17 test condition. 
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 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R 744 - I171C ; Pcro = 10896 kPa ; Mr = 16.6 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-7 T-h plot comparing state points of first MAC2R744 “C” test to MAC1R744 system state points at the 
I17 test condition. 
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 10000 kPa  9000 kPa 
 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I17
2C
 ; Pcro = 11493 kPa ; Mr = 15.8 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-8 T-h plot comparing state points of second MAC2R744 “C” test to MAC1R744 system state points at 
the I17 test condition. 
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 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I173C ; Pcro =10110 kPa ; Mr = 17.6 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-9 T-h plot comparing state points of third MAC2R744 “C” test to MAC1R744 system state points at 
the I17 test condition. 
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 10000 kPa  9000 kPa  11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - I17 at max COP ; Pcro = 10864 kPa ; Mr = 19 g/s
MAC2R744 - I174C ;  Pcro = 9652 kPa ; Mr = 19 g/s 
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-10 T-h plot comparing state points of fourth MAC2R744 “C” test to MAC1R744 system state points at 
the I17 test condition. 
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MAC1R744 - M3 at max COP ; Pcro = 10826 kPa ; Mr = 38.1 g/s
 12000 kPa 
 10000 kPa 
 9000 kPa 
 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC 2R7 44 -  M31 A ; Pcro =  9062  kPa ; Mr  = 69.7  g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-11 T-h plot comparing state points of first MAC2R744 “A” test to MAC1R744 system state points at 
the M3 test condition. 















MAC1R744 - M3 at max COP ; Pcro = 10826 kPa ; Mr = 38.1 g/s
 12000 kPa 
 10000 kPa 
 9000 kPa 
 11000 kPa 
 5000 kPa 
 3000 kPa 
 0.2  0.4  0.6  0.8 
MAC2 R744  - M3 2A ; Pcro = 9 816 kPa ; M r =  58.9 g/ s
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Figure C-12 T-h plot comparing state points of second MAC2R744 “A” test to MAC1R744 system state points 
at the M3 test condition. 
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Figure C-13 T-h plot comparing state points of third MAC2R744 “A” test to MAC1R744 system state points at 
the M3 test condition. 
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MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-14 T-h plot comparing state points of first MAC2R744 “B” test to MAC1R744 system state points at 
the M3 test condition. 
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Figure C-15 T-h plot comparing state points of second MAC2R744 “B” test to MAC1R744 system state points 
at the M3 test condition. 















 5000 kPa 
 3000 kPa 





 12000 kPa 
 10000 kPa  9000 kPa 
 11000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - M3 at max COP ; Pcro = 10826 kPa ; Mr = 38.1 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-16 T-h plot comparing state points of third MAC2R744 “B” test to MAC1R744 system state points at 
the M3 test condition. 
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Figure C-17 T-h plot comparing state points of fourth MAC2R744 “B” test to MAC1R744 system state points at 
the M3 test condition. 















 5000 kPa 




]  12000 kPa 
 10000 kPa 
 9000 kPa  11000 kPa 
 0.2  0.4  0.6  0.8 
MAC1R744 - M3 at max COP ; Pcro = 10826 kPa ; Mr = 38.1 g/s
MAC2R744 - M31C ; Pcro = 10851 kPa ;  Mr = 27.3 g/s
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-18 T-h plot comparing state points of first MAC2R744 “C” test to MAC1R744 system state points at 
the M3 test condition. 
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Figure C-19 T-h plot comparing state points of second MAC2R744 “C” test to MAC1R744 system state points 
at the M3 test condition. 
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Figure C-20 T-h plot comparing state points of third MAC2R744 “C” test to MAC1R744 system state points at 
the M3 test condition. 
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Figure C-21 T-h plot comparing state points of first MAC2R744 “A” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-22 T-h plot comparing state points of second MAC2R744 “A” test to MAC1R744 system state points 
at the H3 test condition. 
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Figure C-23 T-h plot comparing state points of first MAC2R744 “B” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-24 T-h plot comparing state points of second MAC2R744 “B” test to MAC1R744 system state points 
at the H3 test condition. 
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Figure C-25 T-h plot comparing state points of third MAC2R744 “B” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-26 T-h plot comparing state points of fourth MAC2R744 “B” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-27 T-h plot comparing state points of fifth MAC2R744 “B” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-28 T-h plot comparing state points of sixth MAC2R744 “B” test to MAC1R744 system state points at 
the H3 test condition. 
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MAC1R744 - H3 at max COP ; Pcro = 11460 kPa ; Mr = 50.1 g/s
MAC2R744 - H 31C  ;  Pcro = 11390 kPa ; Mr = 40.0 g/s
MAC1R744 Air Temperatures GC/Evaporator
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Figure C-29 T-h plot comparing state points of first MAC2R744 “C” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-30 T-h plot comparing state points of second MAC2R744 “C” test to MAC1R744 system state points 
at the H3 test condition. 
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Figure C-31 T-h plot comparing state points of third MAC2R744 “C” test to MAC1R744 system state points at 
the H3 test condition. 
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Figure C-32 T-h plot comparing state points of first MAC2R744 “A” test to MAC1R744 system state points at 
the I6 test condition. 
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Figure C-33 T-h plot comparing state points of second MAC2R744 “A” test to MAC1R744 system state points 
at the I6 test condition. 
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Figure C-34 T-h plot comparing state points of third MAC2R744 “A” test to MAC1R744 system state points at 
the I6 test condition. 
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Figure C-35 T-h plot comparing state points of fourth MAC2R744 “A” test to MAC1R744 system state points at 
the I6 test condition. 
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Figure C-36 T-h plot comparing state points of first MAC2R744 “D” test to MAC1R744 system state points at 
the I6 test condition. 
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Figure C-37 T-h plot comparing state points of second MAC2R744 “D” test to MAC1R744 system state points 
at the I6 test condition. 















MAC1R744 - I6 at max COP ; Pcro = 12794 kPa ; Mr = 25.6 g/s
MAC2R 744 - I6
3D

























 0.2  0.4  0.6  0.8 
MAC1R744 Air Temperatures GC/Evaporator
MAC2R744 Air Temperatures GC/Evaporator
 
 
Figure C-38 T-h plot comparing state points of third MAC2R744 “D” test to MAC1R744 system state points at 
the I6 test condition.
C.3 Experimental Results for the First and Second-Generation Transcritical R744 Mobile Heat Pump Systems 
Table –C-40 MHP1R744 steady-state system data. 


















HP-R3 5/15/00 1 6.10 0.992 1.99 1.22 2.72 0.73 0.03 - 
HP-R3 5/15/00 1 6.84 1.026 2.21 1.19 3.02 0.73 2.81 - 
HP-R7 5/17/00 1 10.15 0.996 3.16 1.83 3.53 0.90 2.40 - 
HP-R7 5/17/00 1 10.85 0.996 3.12 1.72 3.48 0.90 4.19 - 
HP-L0 6/28/00 2 7.24 1.066 2.52 1.16 2.53 1.00 1.00 0.378 
HP-L0 6/29/00 2 7.68 1.062 1.12 0.85 1.13 1.00 0.75 0.360 
HP-L2 5/11/00 1 12.74 1.041 3.93 2.26 3.56 1.10 1.93 - 
HP-L2 5/11/00 1 12.93 1.041 3.91 2.20 3.37 1.16 2.82 - 
HP-L2 5/11/00 1 12.65 1.043 3.91 2.12 3.27 1.20 2.92 - 
HP-L3 5/11/00 1 12.51 1.033 3.19 2.13 2.89 1.11 2.72 - 
HP-L3 5/15/00 1 11.71 1.032 3.40 2.04 3.06 1.11 3.90 - 
HP-L3 5/12/00 1 12.72 1.033 3.39 1.88 3.01 1.13 5.01 - 
HP-L3 5/12/00 1 12.59 1.034 3.39 1.80 2.92 1.16 5.11 - 
HP-L4 5/11/00 1 13.90 1.017 3.05 1.73 2.79 1.09 3.03 - 
HP-L4 5/11/00 1 13.85 1.018 3.08 1.76 2.79 1.11 3.10 - 
HP-L4 5/11/00 1 13.77 1.021 3.19 1.72 2.78 1.15 3.20 - 
HP-L4 5/11/00 1 13.64 1.024 3.26 1.67 2.74 1.19 3.29 - 
HP-L5 5/9/00 1 12.08 1.006 2.73 1.23 2.49 1.10 4.92 - 
HP-L5 5/9/00 1 11.98 1.012 2.85 1.22 2.47 1.16 5.20 - 
HP-L5 5/9/00 1 11.86 1.017 2.80 1.18 2.30 1.22 5.24 - 
HP-L5 5/9/00 1 11.69 1.020 3.09 1.10 2.41 1.28 5.32 - 
HP-L6 5/12/00 1 17.71 1.001 4.35 2.94 3.93 1.11 3.12 - 
HP-L6 5/12/00 1 17.85 1.000 4.34 2.91 3.91 1.11 3.11 - 
HP-L6 5/12/00 1 17.89 1.003 4.39 2.89 3.84 1.14 3.20 - 
HP-L6 5/12/00 1 17.90 1.006 4.48 2.85 3.75 1.20 3.32 - 
HP-L7 5/10/00 1 18.17 0.975 3.43 2.34 3.11 1.10 5.48 - 
HP-L7 5/10/00 1 18.18 0.979 3.66 2.40 3.18 1.15 5.67 - 
HP-L7 5/10/00 1 18.06 0.986 3.53 2.40 2.91 1.21 5.93 - 
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Table C-41 MHP1R744 steady-state system data (continued). 



















HP-L8 5/9/00 1 17.30 0.959 3.47 2.00 2.94 1.18 5.39 - 
HP-L8 5/9/00 1 17.28 0.968 3.61 2.07 2.91 1.24 5.58 - 
HP-L8 5/9/00 1 17.30 0.968 3.58 2.03 2.89 1.24 5.71 - 
HP-L8 5/9/00 1 17.27 0.974 3.87 2.03 2.96 1.31 5.94 - 
HP-L9 6/7/00 2 19.32 0.763 3.64 2.82 3.40 1.07 0.29 - 
HP-L10 5/10/00 1 23.62 0.894 3.45 2.76 3.51 0.98 4.87 - 
HP-L10 5/10/00 1 23.66 0.913 3.94 2.92 3.73 1.06 5.21 - 
HP-L10 5/10/00 1 23.76 0.920 4.15 3.02 3.76 1.10 5.48 - 
HP-L10 5/10/00 1 23.71 0.931 4.22 3.11 3.61 1.17 5.81 - 
HP-L10 5/10/00 1 23.65 0.940 4.29 3.13 3.48 1.23 5.88 - 
HP-L10 6/8/00 2 24.64 0.320 2.63 1.90 3.67 0.72 0.30 - 
HP-L10 6/12/00 2 20.45 0.502 3.27 2.50 3.70 0.88 0.18 - 
HP-L10 6/6/00 2 18.79 0.862 4.21 3.36 3.92 1.07 0.09 - 
HP-L10 6/1/00 2 19.27 0.902 3.87 3.37 3.56 1.09 1.47 - 
HP-L10 6/5/00 2 18.30 0.892 4.34 3.32 3.88 1.12 0.36 - 
HP-L11 5/9/00 1 24.70 0.886 3.71 2.36 3.26 1.14 3.85 - 
HP-L11 5/9/00 1 24.63 0.902 3.92 2.48 3.25 1.21 3.99 - 
HP-L11 5/9/00 1 22.99 0.917 4.09 2.72 3.19 1.28 5.66 - 
HP-L12 6/7/00 2 17.94 0.917 4.52 3.61 4.16 1.09 0.25 - 
HP-L13 5/8/00 1 38.09 0.712 3.14 2.36 3.13 1.00 4.15 - 
HP-L13 5/8/00 1 36.78 0.747 3.37 2.53 3.20 1.05 4.32 - 
HP-L13 5/8/00 1 35.36 0.785 3.69 2.76 3.28 1.13 4.56 - 
HP-L13 5/8/00 1 34.60 0.810 3.90 2.94 3.27 1.19 4.76 - 
HP-L13 5/8/00 1 33.97 0.834 4.14 3.10 3.26 1.27 4.94 - 
HP-L13 5/8/00 1 33.57 0.847 4.29 3.13 3.24 1.32 5.11 - 
HP-L14 6/6/00 2 19.69 0.846 4.33 3.45 4.07 1.06 0.10 - 
HP-L14 6/6/00 2 19.16 0.862 4.21 3.44 3.92 1.07 0.19 - 
HP-L15 6/5/00 2 18.56 0.887 4.24 3.39 3.82 1.11 0.33 - 
HP-L16 6/6/00 2 19.93 0.842 4.22 3.48 3.95 1.07 0.12 - 
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HP-R3 0.73 591 11.83 - - 66.6 2259 7805 3.45 8.3 100.2 0.53 0.60 
HP-R3 0.73 598 11.66 - - 66.6 2282 7835 3.43 5.3 89.0 0.58 0.64 
HP-R7 0.90 597 14.32 - - 67.4 2925 9647 3.30 2.7 84.8 0.62 0.68 
HP-R7 0.90 596 14.36 - - 56.3 2963 9728 3.28 1.1 73.4 0.65 0.70 
HP-L0 1.00 944 10.09 3.24 0.880 56.1 1629 7673 4.71 -8.5 75.2 0.58 0.59 
HP-L0 1.00 943 10.11 2.86 0.855 56.8 1681 7524 4.47 -7.2 76.2 0.59 0.61 
HP-L2 1.10 947 11.13 - - 60.2 2056 7571 3.68 -13.4 77.4 0.69 0.75 
HP-L2 1.16 945 11.72 - - 57.7 2084 8032 3.85 -13.5 74.6 0.69 0.75 
HP-L2 1.20 946 12.08 - - 62.5 2089 8364 4.01 -12.3 79.2 0.68 0.74 
HP-L3 1.11 946 11.16 - - 65.7 2095 7623 3.64 -6.3 80.9 0.70 0.76 
HP-L3 1.11 947 11.20 - - 63.6 2106 7769 3.69 -2.9 79.5 0.68 0.72 
HP-L3 1.13 944 11.39 - - 53.8 2141 7790 3.64 -6.1 70.8 0.70 0.76 
HP-L3 1.16 944 11.75 - - 56.4 2150 8068 3.75 -5.4 73.7 0.69 0.75 
HP-L4 1.09 946 11.03 - - 52.5 2175 7503 3.45 -11.3 68.4 0.72 0.78 
HP-L4 1.11 946 11.16 - - 52.3 2170 7599 3.50 -11.6 68.5 0.71 0.77 
HP-L4 1.15 945 11.58 - - 54.0 2171 7929 3.65 -11.9 70.5 0.71 0.77 
HP-L4 1.19 946 12.00 - - 56.3 2173 8260 3.80 -11.8 73.2 0.70 0.76 
HP-L5 1.10 944 11.13 - - 71.7 2230 7628 3.42 11.4 86.7 0.71 0.76 
HP-L5 1.16 943 11.69 - - 71.8 2228 8055 3.62 8.7 87.5 0.69 0.75 
HP-L5 1.22 943 12.32 - - 74.3 2227 8511 3.82 7.9 90.3 0.68 0.74 
HP-L5 1.28 944 12.96 - - 77.9 2230 8944 4.01 8.7 94.1 0.67 0.73 
HP-L6 1.11 945 11.19 - - 49.5 2607 7619 2.92 -5.4 64.8 0.75 0.82 
HP-L6 1.11 946 11.18 - - 47.1 2621 7623 2.91 -7.0 62.9 0.74 0.80 
HP-L6 1.14 945 11.54 - - 47.2 2623 7859 3.00 -7.6 63.4 0.74 0.80 
HP-L6 1.20 945 12.09 - - 48.6 2634 8206 3.12 -7.8 65.3 0.73 0.79 
HP-L7 1.10 944 11.17 - - 49.1 2741 7607 2.78 1.7 63.2 0.77 0.83 
HP-L7 1.15 947 11.61 - - 49.0 2739 7904 2.89 0.3 63.7 0.76 0.82 
HP-L7 1.21 946 12.25 - - 50.4 2733 8312 3.04 -0.4 65.7 0.75 0.81 
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HP-L8 1.18 945 11.90 - - 69.3 2854 8108 2.84 16.6 81.2 0.77 0.84 
HP-L8 1.24 946 12.53 - - 68.7 2836 8488 2.99 13.3 81.3 0.76 0.82 
HP-L8 1.24 944 12.54 - - 68.5 2841 8519 3.00 13.5 81.2 0.76 0.82 
HP-L8 1.31 945 13.20 - - 68.6 2838 8897 3.14 11.3 81.7 0.74 0.81 
HP-L9 1.07 945 10.81 2.67 0.939 73.6 3409 7622 2.24 31.7 88.0 0.75 0.82 
HP-L10 0.98 945 9.93 - - 53.3 3474 7149 2.06 16.5 63.9 0.79 0.88 
HP-L10 1.06 947 10.65 - - 51.6 3436 7533 2.19 12.3 63.3 0.79 0.86 
HP-L10 1.10 946 11.14 - - 50.9 3429 7785 2.27 10.4 63.4 0.78 0.86 
HP-L10 1.17 943 11.84 - - 50.3 3398 8161 2.40 7.8 63.7 0.77 0.85 
HP-L10 1.23 946 12.45 - - 50.5 3377 8495 2.52 6.0 64.5 0.76 0.83 
HP-L10 0.72 943 7.27 2.43 0.969 44.2 3699 5832 1.58 19.8 53.5 0.70 0.87 
HP-L10 0.88 946 8.92 2.65 0.958 58.5 3500 6524 1.86 25.8 70.2 0.70 0.81 
HP-L10 1.07 946 10.84 2.30 0.950 67.6 3265 7614 2.33 22.1 83.1 0.73 0.79 
HP-L10 1.09 945 11.00 1.91 0.954 63.9 3290 7810 2.37 17.8 81.3 0.73 0.78 
HP-L10 1.12 945 11.30 2.93 0.947 68.6 3213 7847 2.44 21.5 83.3 0.72 0.79 
HP-L11 1.14 947 11.47 - - 60.6 3631 8126 2.24 16.3 72.4 0.79 0.86 
HP-L11 1.21 945 12.19 - - 60.6 3600 8511 2.36 13.4 73.1 0.78 0.85 
HP-L11 1.28 944 12.98 - - 67.2 3549 8922 2.51 18.4 79.2 0.78 0.85 
HP-L12 1.09 944 10.99 2.69 0.946 63.0 3095 7601 2.46 15.2 77.9 0.71 0.77 
HP-L13 1.00 946 10.13 - - 45.6 4680 8125 1.74 18.0 56.2 0.82 0.91 
HP-L13 1.05 946 10.63 - - 48.5 4631 8320 1.80 18.6 59.2 0.81 0.90 
HP-L13 1.13 946 11.35 - - 52.1 4570 8623 1.89 19.1 63.2 0.81 0.89 
HP-L13 1.19 946 12.03 - - 54.0 4526 8898 1.97 18.6 65.5 0.80 0.88 
HP-L13 1.27 945 12.82 - - - 4488 9227 2.06 18.0 68.0 0.79 0.87 
HP-L13 1.32 946 13.34 - - 57.4 4461 9478 2.13 17.5 69.7 0.79 0.87 
HP-L14 1.06 944 10.77 2.16 0.952 67.1 3377 7599 2.25 23.1 82.5 0.73 0.80 
HP-L14 1.07 944 10.85 2.26 0.945 67.5 3306 7604 2.30 22.5 82.7 0.73 0.80 
HP-L15 1.11 945 11.22 2.81 0.946 68.1 3242 7808 2.41 21.7 82.9 0.73 0.79 
HP-L16 1.07 944 10.81 2.17 0.953 67.1 3406 7595 2.23 23.3 82.4 0.73 0.80 
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HP-R3 1.99 1.96 1.90 0.1 14.3 -7.3 6.84 101 205 0.137 7780 4 95.3 3.2 -3.9 
HP-R3 2.21 2.08 2.05 0.2 15.3 -7.2 6.84 101 205 0.137 7809 5 86.9 3.1 -10.7 
HP-R7 3.16 2.91 2.59 10.0 30.9 5.7 6.87 102 220 0.137 9611 10 83.9 13.3 -1.9 
HP-R7 3.12 2.83 2.56 9.9 29.8 5.5 7.07 107 232 0.141 9691 10 73.5 13.0 -1.7 
HP-L0 2.52 2.43 2.20 -10.0 7.1 -40.0 7.04 99 213 0.141 7637 3 73.4 -6.5 -20.6 
HP-L0 1.12 2.55 2.33 -9.1 8.8 -40.0 7.07 100 216 0.141 7492 2 74.4 -5.5 -19.6 
HP-L2 3.93 3.65 3.87 -8.4 18.0 -13.2 6.88 102 213 0.137 7533 8 76.4 -4.2 -14.1 
HP-L2 3.91 3.62 3.83 -8.8 17.8 -13.5 6.76 99 206 0.135 7992 7 73.8 -4.7 -13.8 
HP-L2 3.91 3.58 3.80 -8.9 17.3 -13.8 6.76 98 206 0.135 8323 9 78.4 -4.9 -13.9 
HP-L3 3.19 3.44 3.61 0.2 25.1 -6.2 6.84 106 216 0.137 7580 7 79.7 4.2 -12.2 
HP-L3 3.40 3.33 3.36 0.2 24.6 -7.1 6.76 103 207 0.135 7726 8 79.3 4.1 -12.6 
HP-L3 3.39 3.31 3.48 0.1 24.3 -5.7 6.78 103 211 0.135 7744 8 70.4 4.1 -11.9 
HP-L3 3.39 3.31 3.47 0.0 24.2 -5.5 6.78 103 211 0.135 8021 8 73.1 3.9 -11.8 
HP-L4 3.05 3.14 3.28 9.9 32.9 4.5 6.77 112 217 0.135 7454 11 68.0 18.2 -8.7 
HP-L4 3.08 3.15 3.28 10.0 33.0 4.4 6.78 112 217 0.135 7550 11 68.2 17.6 -8.9 
HP-L4 3.19 3.17 3.33 10.0 33.2 4.4 6.78 112 217 0.135 7880 10 69.9 15.7 -9.2 
HP-L4 3.26 3.19 3.35 10.0 33.3 4.3 6.78 111 217 0.135 8211 10 72.5 14.7 -9.4 
HP-L5 2.73 2.56 2.66 20.1 38.5 12.7 6.83 118 223 0.135 7562 11 85.0 28.9 -5.8 
HP-L5 2.85 2.65 2.77 20.0 39.2 12.8 6.82 118 223 0.135 7991 10 85.9 26.6 -6.6 
HP-L5 2.80 2.72 2.84 20.0 39.6 12.8 6.82 118 224 0.135 8448 10 88.7 24.9 -7.2 
HP-L5 3.09 2.75 2.88 20.0 39.9 12.8 6.82 117 224 0.135 8882 12 92.3 23.7 -7.4 
HP-L6 4.35 4.20 4.44 0.2 30.9 -5.5 6.78 108 216 0.135 7558 14 65.0 10.6 -4.8 
HP-L6 4.34 4.20 4.43 0.2 30.6 -6.0 6.84 109 219 0.136 7565 13 62.9 10.3 -4.7 
HP-L6 4.39 4.24 4.47 0.1 30.8 -6.1 6.84 109 220 0.137 7804 13 63.6 8.9 -5.1 
HP-L6 4.48 4.28 4.51 0.2 31.1 -5.9 6.85 108 221 0.137 8154 13 65.5 7.7 -5.2 
HP-L7 3.43 3.55 3.74 10.1 36.0 3.6 6.78 114 217 0.135 7535 16 63.0 24.7 0.0 
HP-L7 3.66 3.63 3.83 10.1 36.7 3.6 6.76 114 217 0.135 7837 17 63.6 22.8 -0.6 
HP-L7 3.53 3.71 3.93 10.2 37.3 3.6 6.76 113 217 0.135 8247 18 65.6 20.3 -1.3 
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HP-L8 3.47 3.23 3.24 20.0 43.3 13.0 6.82 120 226 0.135 8022 19 80.8 33.1 3.6 
HP-L8 3.61 3.34 3.46 20.0 44.3 12.8 6.78 120 225 0.134 8406 18 80.7 31.7 2.6 
HP-L8 3.58 3.40 3.47 19.9 44.5 13.0 6.79 120 225 0.135 8437 18 80.7 31.7 2.6 
HP-L8 3.87 3.47 3.59 20.0 45.1 12.9 6.80 120 226 0.135 8817 19 81.4 30.1 1.8 
HP-L9 3.64 3.58 2.37 10.0 45.4 1.8 5.00 75 122 0.100 7520 25 87.1 33.4 27.5 
HP-L10 3.45 3.68 1.96 10.0 36.5 3.7 6.85 115 222 0.136 7033 34 63.9 30.4 13.1 
HP-L10 3.94 3.91 2.42 10.0 38.3 3.8 6.84 116 222 0.136 7423 32 63.3 31.6 10.9 
HP-L10 4.15 4.03 4.06 10.0 39.3 3.6 6.81 115 221 0.136 7679 31 63.3 31.2 10.0 
HP-L10 4.22 4.19 4.33 10.0 40.4 3.7 6.81 116 222 0.136 8060 30 63.7 29.6 8.6 
HP-L10 4.29 4.30 4.49 10.1 41.2 3.8 6.82 117 223 0.136 8395 28 64.7 27.9 7.6 
HP-L10 2.63 2.58 1.52 10.0 27.8 2.2 7.18 120 236 0.143 5672 56 53.6 21.4 19.6 
HP-L10 3.27 3.31 1.78 9.9 33.0 3.1 7.11 111 235 0.142 6400 32 70.1 26.6 25.0 
HP-L10 4.21 4.25 4.15 9.9 39.7 1.9 7.07 121 236 0.141 7519 18 82.6 28.1 17.1 
HP-L10 3.87 4.11 4.23 10.1 39.2 2.9 6.97 118 231 0.139 7718 18 80.3 27.7 12.7 
HP-L10 4.34 4.26 4.23 9.9 39.6 1.9 7.11 122 240 0.142 7758 19 82.6 25.7 14.6 
HP-L11 3.71 3.47 2.71 20.0 45.2 13.0 6.80 119 225 0.135 7996 41 72.2 35.8 16.5 
HP-L11 3.92 3.68 3.27 20.0 46.8 13.0 6.77 119 225 0.134 8384 39 73.0 36.9 14.7 
HP-L11 4.09 3.93 3.94 19.9 48.7 13.0 6.73 120 224 0.133 8809 30 78.9 36.2 12.4 
HP-L12 4.52 4.53 4.41 9.9 34.3 1.7 9.19 178 392 0.183 7519 16 77.5 19.4 9.5 
HP-L13 3.14 3.19 2.59 20.5 43.4 13.5 6.85 123 227 0.136 7860 100 56.0 35.9 31.3 
HP-L13 3.37 3.40 2.78 20.6 45.0 13.5 6.84 123 228 0.136 8071 91 59.2 37.0 30.3 
HP-L13 3.69 3.67 3.13 20.6 47.1 13.6 6.83 123 229 0.135 8393 81 62.9 38.4 28.5 
HP-L13 3.90 3.90 3.38 20.4 48.7 13.6 6.82 124 229 0.135 8681 74 65.5 39.5 26.9 
HP-L13 4.14 4.11 3.81 20.5 50.2 13.8 6.80 124 230 0.135 9022 69 68.1 40.3 25.1 
HP-L13 4.29 4.25 4.11 20.5 51.3 13.7 6.79 124 230 0.135 9279 65 69.7 40.7 24.1 
HP-L14 4.33 4.32 4.18 9.8 40.0 1.8 7.07 122 237 0.141 7496 20 82.1 29.4 18.9 
HP-L14 4.21 4.28 4.17 9.9 39.8 1.5 7.07 122 237 0.141 7509 20 82.2 28.6 17.8 
HP-L15 4.24 4.26 4.23 9.9 39.7 1.7 7.09 122 239 0.141 7715 20 82.3 26.4 15.4 
HP-L16 4.22 4.34 4.19 9.8 40.1 1.7 7.08 122 237 0.141 7489 20 81.9 29.7 19.3 
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HP-R3 1.22 1.52 -9.9 -12.8 -19.3 26.49 26 82 0.530 2275 19 -14.6 -14.6 0.08 0.82 
HP-R3 1.19 1.52 -9.9 -12.8 -19.3 26.56 26 83 0.531 2302 23 -14.1 -14.3 0.03 0.67 
HP-R7 1.83 1.90 0.0 -3.6 -13.5 26.39 28 86 0.527 2950 30 -5.3 -5.6 0.03 0.75 
HP-R7 1.72 1.83 -0.1 -3.5 -13.5 26.59 28 87 0.531 2989 34 -4.9 -5.2 0.02 0.66 
HP-L0 1.16 1.69 -19.3 -22.5 -40.0 26.52 104 80 0.530 1662 32 -24.4 -24.7 0.03 0.58 
HP-L0 0.85 1.80 -18.8 -22.2 -40.0 26.80 27 82 0.536 1716 34 -23.3 -23.7 0.03 0.41 
HP-L2 2.26 2.41 -10.0 -14.5 -15.6 26.72 30 85 0.534 2099 71 -16.4 -17.3 0.03 0.66 
HP-L2 2.20 2.37 -10.0 -14.4 -15.7 26.82 32 85 0.536 2127 61 -16.3 -17.0 0.02 0.64 
HP-L2 2.12 2.41 -10.0 -14.4 -15.8 26.76 33 85 0.535 2131 59 -16.2 -16.9 0.02 0.63 
HP-L3 2.13 2.36 -9.9 -14.4 -17.5 26.38 30 83 0.527 2139 55 -16.2 -16.8 0.04 0.65 
HP-L3 2.04 2.30 -10.0 -14.3 -19.8 26.64 26 83 0.533 2151 51 -15.9 -16.5 0.03 0.66 
HP-L3 1.88 2.10 -10.0 -13.9 -16.4 26.66 28 85 0.533 2187 53 -15.4 -16.0 0.03 0.57 
HP-L3 1.80 2.03 -10.1 -13.8 -16.1 26.65 28 85 0.533 2196 51 -15.2 -15.8 0.03 0.55 
HP-L4 1.73 1.91 -10.0 -13.5 -18.0 26.74 30 85 0.534 2219 59 -14.9 -15.5 0.05 0.51 
HP-L4 1.76 1.85 -10.0 -13.5 -18.2 26.09 29 81 0.521 2214 58 -14.9 -15.5 0.05 0.52 
HP-L4 1.72 1.94 -10.0 -13.6 -18.3 26.22 29 82 0.524 2215 58 -15.0 -15.7 0.05 0.51 
HP-L4 1.67 1.95 -10.0 -13.6 -18.4 26.38 29 83 0.527 2216 58 -15.0 -15.6 0.05 0.49 
HP-L5 1.23 1.77 -10.3 -13.6 -19.7 27.09 27 87 0.541 2273 44 -14.4 -14.8 0.07 0.44 
HP-L5 1.22 1.77 -10.3 -13.6 -19.6 27.20 27 88 0.544 2270 44 -14.5 -14.9 0.06 0.44 
HP-L5 1.18 1.77 -10.4 -13.6 -19.4 27.33 28 89 0.546 2268 43 -14.5 -14.9 0.06 0.42 
HP-L5 1.10 1.75 -10.4 -13.6 -19.1 27.46 28 90 0.549 2269 41 -14.5 -14.8 0.06 0.40 
HP-L6 2.94 2.97 -0.1 -5.6 -12.0 26.51 30 86 0.530 2668 97 -8.1 -9.3 0.03 0.68 
HP-L6 2.91 2.99 0.0 -5.7 -12.1 25.90 29 82 0.517 2681 83 -8.3 -9.2 0.03 0.67 
HP-L6 2.89 2.96 0.0 -5.7 -11.9 26.17 29 84 0.523 2683 84 -8.1 -9.1 0.03 0.66 
HP-L6 2.85 2.94 0.0 -5.5 -11.5 26.45 30 86 0.528 2693 83 -8.0 -8.9 0.03 0.65 
HP-L7 2.34 2.65 0.1 -4.8 -13.2 26.90 51 88 0.537 2802 75 -7.0 -7.7 0.06 0.57 
HP-L7 2.40 2.68 0.1 -4.8 -13.4 26.76 46 87 0.535 2799 76 -7.0 -7.7 0.06 0.58 
HP-L7 2.40 2.70 0.1 -4.9 -12.7 26.59 42 86 0.531 2793 79 -7.1 -7.8 0.05 0.57 
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HP-L8 2.00 2.27 0.0 -4.2 -13.0 26.62 28 87 0.532 2910 65 -5.7 -6.3 0.08 0.54 
HP-L8 2.07 2.33 0.0 -4.4 -13.1 26.51 28 87 0.530 2893 65 -5.9 -6.5 0.07 0.55 
HP-L8 2.03 2.07 -0.1 -4.0 -13.3 26.62 28 88 0.532 2897 65 -5.7 -6.3 0.07 0.54 
HP-L8 2.03 2.26 0.0 -4.2 -15.0 26.75 28 88 0.534 2894 64 -5.9 -6.4 0.07 0.53 
HP-L9 2.82 2.74 10.2 5.2 1.8 27.14 33 92 0.540 3474 98 1.2 0.3 0.33 0.96 
HP-L10 2.76 2.69 9.9 4.9 2.9 26.46 62 88 0.527 3548 99 1.8 0.9 0.12 0.63 
HP-L10 2.92 2.83 9.9 4.6 2.7 26.48 64 88 0.527 3511 100 1.4 0.5 0.10 0.63 
HP-L10 3.02 2.91 9.8 4.4 2.5 26.71 56 89 0.532 3504 102 1.2 0.3 0.09 0.64 
HP-L10 3.11 2.91 9.8 4.3 2.6 26.25 69 86 0.523 3473 103 0.9 0.0 0.07 0.64 
HP-L10 3.13 3.01 9.9 4.2 2.4 26.36 67 87 0.525 3451 108 0.8 -0.2 0.06 0.63 
HP-L10 1.90 1.90 10.3 6.8 4.9 26.84 31 91 0.534 3789 169 5.1 3.6 0.91 1.26 
HP-L10 2.50 2.47 10.0 5.4 -0.4 26.91 31 91 0.536 3574 117 2.4 1.4 0.85 1.39 
HP-L10 3.36 3.13 10.0 4.2 1.1 26.82 32 89 0.534 3325 80 -0.4 -1.2 0.19 0.94 
HP-L10 3.37 3.20 10.3 4.4 2.0 26.92 46 91 0.536 3355 76 -0.5 -1.2 0.13 0.87 
HP-L10 3.32 3.04 10.1 4.5 2.1 26.76 41 90 0.533 3277 88 -1.1 -1.9 0.16 0.92 
HP-L11 2.36 2.49 9.9 5.4 1.6 26.90 30 92 0.536 3703 109 3.5 2.5 0.14 0.57 
HP-L11 2.48 2.57 9.9 5.2 2.4 26.90 30 92 0.535 3671 110 3.2 2.2 0.12 0.57 
HP-L11 2.72 2.72 9.8 4.8 2.8 26.91 30 92 0.536 3618 90 2.5 1.7 0.09 0.62 
HP-L12 3.61 3.51 10.2 3.7 -1.1 26.75 44 89 0.533 3159 84 -2.5 -3.3 0.12 0.95 
HP-L13 2.36 2.33 19.9 15.7 5.5 27.09 32 97 0.539 4791 175 14.0 12.6 0.33 0.66 
HP-L13 2.53 2.54 20.0 15.3 5.6 27.07 32 96 0.538 4737 164 13.5 12.2 0.28 0.64 
HP-L13 2.76 2.78 20.0 14.9 5.7 27.07 32 96 0.538 4672 154 12.7 11.5 0.23 0.64 
HP-L13 2.94 2.81 19.8 14.7 6.1 27.08 32 96 0.538 4624 150 12.4 11.2 0.20 0.64 
HP-L13 3.10 2.95 19.8 14.5 12.0 27.06 32 96 0.536 4583 148 12.1 10.9 0.16 0.63 
HP-L13 3.13 3.05 19.8 14.3 8.1 27.09 32 96 0.538 4554 147 11.8 10.6 0.15 0.62 
HP-L14 3.45 3.10 9.9 5.4 2.2 34.15 52 145 0.680 3438 83 0.8 0.1 0.20 0.95 
HP-L14 3.44 3.20 10.0 5.4 1.3 33.98 64 144 0.677 3370 91 0.2 -0.7 0.19 0.96 
HP-L15 3.39 3.11 10.1 5.7 2.1 34.97 106 153 0.696 3307 88 -0.8 -1.6 0.17 0.94 
HP-L16 3.48 3.11 9.8 6.0 2.4 39.73 77 196 0.791 3468 85 1.2 0.4 0.20 0.96 
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HP-R1 5/13/01 610 11.75 0.940 3.70 2.75 3.48 1.06 -1.03 0.606 
HP-R2 5/13/01 610 12.08 0.959 3.78 2.84 3.57 1.06 -0.45 0.626 
HP-R2 5/13/01 610 11.62 0.957 3.75 2.81 3.58 1.05 -0.79 0.470 
HP-RX 5/13/01 610 11.58 0.962 3.86 2.79 3.65 1.06 -0.53 0.460 
HP-L1 5/13/01 941 17.04 0.842 4.97 3.48 3.06 1.63 2.64 0.791 
HP-L2 5/13/01 941 17.58 0.936 5.53 4.03 3.39 1.63 1.84 0.760 
HP-L3 5/13/01 941 17.79 0.874 5.01 3.67 3.05 1.64 3.22 0.814 
HP-L6 5/11/01 942 22.84 0.786 6.00 4.46 3.49 1.72 3.41 0.828 
HP-L6 5/11/01 942 21.86 0.845 6.29 4.46 3.46 1.82 2.98 0.806 
HP-L13 5/11/01 940 35.98 0.450 7.22 4.23 3.69 1.96 1.72 0.726 
HP-L13 5/11/01 941 41.54 0.324 4.80 3.33 2.92 1.64 1.73 0.743 
 
 
























HP-R1 1.06 610 16.62 1.36 0.223 2202 7693 3.49 2222 -2.6 104.7 0.67 0.67 
HP-R2 1.06 610 16.56 1.39 0.237 2192 7669 3.50 2369 -10.8 97.7 0.65 0.65 
HP-R2 1.05 610 16.41 1.32 0.229 2186 7611 3.48 2352 -2.7 105.7 0.67 0.67 
HP-RX 1.06 610 16.56 1.34 0.233 2187 7698 3.52 2355 -3.3 105.8 0.67 0.66 
HP-L1 1.63 941 16.48 1.33 0.225 2070 7741 3.74 2251 0.8 117.2 0.70 0.70 
HP-L2 1.63 941 16.56 1.37 0.255 1995 7669 3.85 2164 -13.2 104.5 0.67 0.68 
HP-L3 1.64 941 16.65 1.42 0.214 2052 7788 3.80 2246 -11.9 105.4 0.67 0.67 
HP-L6 1.72 942 17.41 1.39 0.260 2562 7836 3.06 2697 13.4 109.7 0.76 0.78 
HP-L6 1.82 942 18.44 1.51 0.251 2510 8521 3.40 2689 6.7 114.3 0.73 0.73 
HP-L13 1.96 940 19.90 1.66 0.286 3816 9012 2.36 3949 36.9 111.2 0.82 0.87 
HP-L13 1.64 941 16.68 1.43 0.281 3999 7862 1.97 4090 32.1 89.2 0.83 0.91 
 
200 

































HP-R1 3.70 3.76 3.73 -8.2 29.6 -11.7 -11.7 4.93 75 113 0.098 7695 5 99.5 3.0 
HP-R2 3.78 3.89 3.83 -8.2 19.1 -12.5 -12.6 7.06 119 222 0.141 7655 4 93.0 -0.8 
HP-R2 3.75 3.87 3.79 -8.2 18.9 -11.8 -11.9 7.09 121 225 0.142 7610 4 100.4 -0.3 
HP-RX 3.86 3.77 3.80 -8.1 12.1 -12.1 -12.1 9.25 185 371 0.185 7685 6 100.3 -1.3 
HP-L1 4.97 5.04 5.03 -8.1 42.4 -12.0 -12.0 4.94 81 119 0.099 7729 9 112.9 18.2 
HP-L2 5.53 5.62 5.60 -8.1 31.5 -18.2 -18.3 7.03 126 229 0.141 7652 7 101.1 3.6 
HP-L3 5.01 5.29 5.22 -0.2 36.9 -5.6 -5.7 7.07 133 236 0.141 7775 7 102.1 13.9 
HP-L6 6.00 6.20 6.13 0.1 43.6 -7.4 -7.5 7.07 137 242 0.141 7802 12 107.0 24.0 
HP-L6 6.29 6.37 6.27 0.2 45.0 -7.8 -7.9 7.04 136 240 0.141 8497 11 111.5 19.1 
HP-L13 7.22 6.07 6.06 20.4 62.6 12.0 11.9 7.09 149 256 0.141 8948 26 109.6 40.8 
HP-L13 4.80 4.96 4.92 20.4 54.5 11.7 11.7 7.16 148 255 0.142 7776 34 88.0 35.6 
 
 























HP-R1 2.75 2.63 2.93 -9.9 -14.7 -16.2 27.23 37 87 0.545 
HP-R2 2.84 2.79 3.00 -9.8 -14.9 -17.5 27.46 37 88 0.549 
HP-R2 2.81 2.68 2.99 -9.9 -14.9 -16.3 27.02 36 85 0.540 
HP-RX 2.79 2.75 3.00 -9.8 -14.8 -16.6 27.39 38 88 0.548 
HP-L1 3.48 3.45 3.70 -9.8 -16.1 -17.0 27.52 40 88 0.551 
HP-L2 4.03 3.92 4.21 -9.9 -16.9 -17.9 27.68 38 88 0.554 
HP-L3 3.67 3.56 3.82 -9.8 -16.3 -16.4 27.43 42 87 0.549 
HP-L6 4.46 4.36 4.68 0.1 -7.9 -10.5 26.81 46 86 0.536 
HP-L6 4.46 4.45 4.71 0.1 -8.2 -10.9 26.65 57 85 0.533 
HP-L13 4.23 4.68 4.36 20.3 11.7 5.7 26.72 41 92 0.535 
HP-L13 3.33 3.81 3.46 20.3 13.3 4.5 26.75 40 92 0.535 
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HP-R1 2217 12 -15.5 -15.5 -16.0 0.02 0.88 
HP-R2 2207 12 -15.7 -15.8 -16.2 0.01 0.87 
HP-R2 2200 12 -15.7 -15.7 -16.2 0.03 0.91 
HP-RX 2201 12 -15.8 -15.8 -16.3 0.03 0.91 
HP-L1 2100 23 -17.2 -17.4 -17.8 0.04 0.77 
HP-L2 2028 26 -18.3 -18.5 -19.0 0.01 0.83 
HP-L3 2083 24 -17.4 -17.7 -18.1 0.02 0.76 
HP-L6 2606 34 -9.7 -10.0 -10.4 0.06 0.81 
HP-L6 2554 32 -10.6 -10.9 -11.2 0.04 0.82 
HP-L13 3881 64 4.9 5.2 4.2 0.43 0.97 
HP-L13 4077 79 6.9 8.2 6.2 0.47 0.85 
 
 





















HP-R1 0.42 0.82 -16.2 2214 -3.8 2203 3.1 7700 -13.1 7678 
HP-R2 0.38 0.69 -16.2 2206 -12.0 2198 -0.3 7687 -14.9 7702 
HP-R2 0.31 0.85 -16.4 2198 -4.0 2193 0.0 7612 -12.1 7611 
HP-RX 0.28 0.85 -16.4 2202 -4.5 2200 -0.9 7765 -12.0 7729 
HP-L1 1.23 0.79 -18.0 2093 0.1 2080 17.8 7741 -12.8 7729 
HP-L2 0.80 0.69 -19.2 2017 -14.3 2005 3.7 7694 -17.2 7697 
HP-L3 1.20 0.69 -18.3 2073 -13.6 2059 13.8 7787 -15.7 7784 
HP-L6 0.71 0.50 -10.8 7858 13.1 7834 23.7 2583 -2.7 2569 
HP-L6 0.66 0.68 -11.5 2525 6.2 2506 18.9 2539 -6.1 2533 
HP-L13 1.83 0.93 3.9 3856 37.0 3826 40.5 8939 35.6 8931 
HP-L13 2.70 0.95 5.7 4056 32.2 4017 35.2 7764 32.8 7747 
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Appendix D – Error Propagation 
This appendix presents results of an error propagation analysis that was conducted for all systems tested in 
this project.  The analysis was conducted in order to determine uncertainties in heat exchanger balances, compressor 
work, and efficiencies due to the instrumentation used in each system tested.  Range and accuracy for each 
instrument used are described in Appendix A.   
Engineering Equation Solver (EES, Klein and Alvarado, 2001) was used to perform the error propagation 
analysis.   
The first section of this appendix lists uncertainties in heat balances, compressor work, and efficiencies for 
tests conducted on the R134a mobile a/c system (MAC2HFC) and comparative tests performed with second-
generation mobile R744 a/c system (MAC2R744).  The second section lists uncertainty results for the second-
generation mobile R744 a/c system tests conducted for comparison to the first-generation mobile R744 a/c system 
(MAC1R744).   In the final section uncertainty results are shown for heat balances and efficiencies for the first and 
second-generation mobile R744 heat pump systems (MHP1R744 and MHP2R744 systems).  Shaded values indicate 
erroneous data. 
D.1 Uncertainty Results for the Second-Generation Transcritical R744 Mobile A/C System and the 
R134a Mobile A/C System 























CH 6.67 0.012 7.03 0.057 3.30 0.0012 2.02 0.0037 
CH_2 6.65 0.013 6.91 0.037 3.19 0.0012 2.08 0.0041 
L2 4.57 0.012 4.79 0.041 1.51 0.0006 3.03 0.0083 
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Table D-2 Uncertainties for MAC2HFC steady-state evaporator energy balances, compressor work, and COP 






















L4 4.27 0.012 4.59 0.040 1.63 0.0006 2.62 0.0072 
L4_dry 3.58 0.013 3.75 0.041 1.54 0.0006 2.32 0.0082 
L5 2.14 0.010 2.33 0.042 1.43 0.0006 1.49 0.0073 
L5_2 2.10 0.011 2.31 0.043 1.39 0.0006 1.51 0.0082 
L6 3.25 0.011 3.44 0.044 1.63 0.0006 1.99 0.0071 
L6_2 3.32 0.012 3.55 0.033 1.57 0.0006 2.12 0.0075 
L6new 4.06 0.012 4.32 0.041 1.74 0.0006 2.33 0.0071 
L7 4.11 0.012 4.43 0.041 1.97 0.0006 2.09 0.0060 
L7_2 4.58 0.011 4.95 0.066 1.95 0.0006 2.35 0.0057 
L7_dry 3.66 0.013 3.87 0.042 1.84 0.0006 1.99 0.0069 
LA 4.05 0.012 4.43 0.066 1.92 0.0006 2.11 0.0062 
LA_dry 3.17 0.019 3.28 0.041 1.77 0.0006 1.79 0.0067 
LB 5.09 0.012 5.35 0.066 1.71 0.0006 2.98 0.0073 
D2 5.71 0.012 6.12 0.066 2.91 0.0012 1.96 0.0043 
D4 5.44 0.012 5.92 0.041 3.04 0.0012 1.79 0.0041 
D6new 5.31 0.013 5.63 0.041 3.15 0.0012 1.69 0.0041 
D7 5.99 0.013 6.36 0.066 3.60 0.0012 1.67 0.0036 
D7_dry 4.41 0.014 4.73 0.043 3.19 0.0012 1.38 0.0043 
DA 5.49 0.012 5.92 0.066 3.45 0.0012 1.59 0.0036 
DA_dry 3.93 0.011 4.22 0.042 3.03 0.0012 1.30 0.0036 
DB 6.61 0.013 7.08 0.067 3.30 0.0012 2.01 0.0040 
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CH 9.81 0.34 9.73 0.44 
CH_2 9.54 0.34 9.41 0.44 
L2 5.81 0.14 5.76 0.23 
L4 5.68 0.12 5.63 0.22 
L4_dry 5.13 0.14 5.20 0.22 
L5 3.17 0.08 3.47 0.22 
L5_2 3.10 0.07 3.33 0.22 
L6 4.52 0.08 4.96 0.22 
L6_2 4.42 0.07 4.55 0.22 
L6new 5.45 0.12 5.64 0.23 
L7 5.76 0.07 6.12 0.22 
L7_2 5.97 0.14 5.88 0.22 
L7_dry 4.95 0.08 5.27 0.22 
LA 5.41 0.08 5.72 0.22 
LA_dry 4.33 0.08 5.23 0.22 
LB 6.48 0.15 6.50 0.23 
D2 8.59 0.34 8.57 0.44 
D4 8.40 0.44 8.30 0.44 
D6new 8.00 0.20 8.55 0.44 
D7 9.00 0.22 9.72 0.44 
D7_dry 7.06 0.12 8.19 0.44 
DA 8.38 0.18 8.83 0.44 
DA_dry 6.46 0.12 7.42 0.44 
DB 9.77 0.34 9.87 0.44 
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Table D-4 Uncertainties for MAC2R744 steady-state evaporator energy balances, compressor work, and COP 

























1 4.10 0.012 4.17 0.109 2.08 0.00059 1.97 0.00580 
2 4.98 0.013 5.08 0.106 2.32 0.00059 2.15 0.00551 
3 5.53 0.011 5.66 0.104 2.54 0.00059 2.18 0.00445 
L6new 
4 5.81 0.013 5.94 0.103 2.75 0.00059 2.12 0.00484 
1 4.73 0.013 4.56 0.136 2.31 0.00059 2.05 0.00550 
2 5.46 0.013 5.41 0.133 2.55 0.00059 2.14 0.00503 
3 5.99 0.013 5.97 0.130 2.77 0.00059 2.17 0.00474 
4 6.30 0.013 6.28 0.129 2.97 0.00058 2.12 0.00448 
L7 
5 6.36 0.014 6.37 0.129 3.06 0.00058 2.08 0.00445 
1 4.07 0.012 4.13 0.125 2.25 0.00059 1.80 0.00530 
2 4.70 0.012 4.74 0.123 2.43 0.00059 1.94 0.00510 
3 5.03 0.012 5.18 0.122 2.57 0.00059 1.96 0.00466 
4 5.49 0.011 5.59 0.120 2.73 0.00059 2.01 0.00407 
5 5.74 0.012 5.82 0.119 2.85 0.00059 2.01 0.00438 
LA 
6 5.89 0.013 6.01 0.119 3.07 0.00059 1.92 0.00414 
1 6.27 0.013 6.28 0.129 2.21 0.00059 2.84 0.00593 
2 6.36 0.013 6.41 0.128 2.24 0.00059 2.84 0.00571 
3 6.83 0.013 6.91 0.126 2.42 0.00059 2.82 0.00556 
4 7.10 0.014 7.16 0.126 2.58 0.00059 2.75 0.00526 
LB 
5 5.83 0.013 5.91 0.130 2.10 0.00059 2.78 0.00620 
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Table D-5 Uncertainties for MAC2R744 steady-state gas cooler energy balances for MAC2HFC comparative 
tests at low compressor speeds. 











1 5.72 0.12 5.68 0.23 
2 6.83 0.12 6.65 0.22 
3 7.64 0.12 7.40 0.22 
L6new 
4 8.11 0.12 7.85 0.22 
1 6.20 0.10 6.52 0.23 
2 7.37 0.10 7.53 0.23 
3 8.09 0.15 8.25 0.23 
4 8.63 0.15 8.71 0.23 
L7 
5 8.80 0.15 8.87 0.23 
1 5.71 0.10 5.93 0.23 
2 6.50 0.10 6.63 0.23 
3 7.05 0.13 7.20 0.23 
4 7.65 0.14 7.72 0.23 
5 8.02 0.14 8.10 0.23 
LA 
6 8.37 0.16 8.42 0.23 
1 8.03 0.25 7.89 0.23 
2 8.19 0.25 8.02 0.23 
3 8.86 0.25 8.67 0.23 
4 9.23 0.25 9.05 0.23 
LB 
5 7.50 0.23 7.46 0.23 
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Table D-6 Uncertainties for MAC2R744 steady-state evaporator energy balances, compressor work, and COP 

























1 7.12 0.01 7.17 0.10 4.85 0.0012 1.47 0.0029 
2 7.75 0.01 7.80 0.10 4.94 0.0012 1.57 0.0029 
3 7.89 0.01 7.98 0.10 4.94 0.0012 1.60 0.0029 
4 6.88 0.01 6.88 0.10 4.82 0.0012 1.43 0.0029 
D6new 
5 7.71 0.01 7.72 0.10 4.94 0.0012 1.56 0.0029 
1 7.28 0.01 7.27 0.13 5.15 0.0012 1.41 0.0027 
2 8.01 0.01 8.17 0.12 5.37 0.0012 1.49 0.0026 
3 8.42 0.01 8.77 0.12 5.53 0.0012 1.52 0.0026 
4 8.19 0.01 8.79 0.12 5.59 0.0012 1.47 0.0023 
5 8.05 0.01 8.71 0.12 5.56 0.0012 1.45 0.0026 
6 8.08 0.01 8.53 0.12 5.50 0.0012 1.47 0.0025 
7 7.98 0.01 8.28 0.13 5.42 0.0012 1.47 0.0026 
D7 
8 7.48 0.01 7.98 0.13 5.37 0.0012 1.39 0.0026 
1 6.83 0.01 6.95 0.12 5.16 0.0012 1.32 0.0025 
2 7.57 0.01 7.69 0.12 5.33 0.0012 1.42 0.0025 
3 7.94 0.01 8.08 0.12 5.45 0.0012 1.46 0.0025 
4 8.24 0.01 8.35 0.12 5.53 0.0012 1.49 0.0025 
5 8.36 0.01 8.46 0.12 5.61 0.0012 1.49 0.0025 
6 8.39 0.01 8.52 0.12 5.68 0.0012 1.48 0.0024 
DA 
7 8.41 0.01 8.55 0.12 5.74 0.0012 1.47 0.0024 
1 9.64 0.01 9.68 0.12 5.10 0.0012 1.89 0.0029 
2 9.92 0.01 10.03 0.12 5.20 0.0012 1.91 0.0027 
3 10.09 0.01 10.14 0.12 5.36 0.0012 1.88 0.0045 
4 9.29 0.01 9.42 0.12 4.97 0.0012 1.87 0.0029 
DB 
5 8.87 0.01 8.99 0.12 4.86 0.0012 1.82 0.0028 
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Table D-7 Uncertainties for MAC2R744 steady-state gas cooler energy balances for MAC2HFC comparative 
tests at high compressor speeds. 











1 12.45 0.49 11.46 0.45 
2 13.15 0.53 12.13 0.45 
3 13.32 0.54 12.30 0.45 
4 11.06 0.53 11.34 0.45 
D6new 
5 11.89 0.54 12.26 0.45 
1 11.44 0.35 12.16 0.45 
2 12.52 0.36 13.26 0.45 
3 13.25 0.41 13.96 0.45 
4 13.21 0.49 14.00 0.45 
5 13.13 0.49 13.89 0.45 
6 12.83 0.49 13.66 0.45 
7 12.54 0.49 13.35 0.45 
D7 
8 12.21 0.49 12.95 0.45 
1 11.09 0.37 11.78 0.45 
2 12.02 0.37 12.67 0.45 
3 12.51 0.37 13.28 0.45 
4 12.90 0.36 13.53 0.45 
5 13.08 0.37 13.76 0.45 
6 13.19 0.37 13.81 0.45 
DA 
7 13.28 0.37 13.90 0.45 
1 14.18 0.44 14.30 0.45 
2 14.54 0.44 14.60 0.45 
3 14.79 0.44 14.75 0.45 
4 13.77 0.44 13.76 0.45 
DB 
5 13.28 0.44 13.29 0.45 
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Table D-8 Uncertainties for MAC2R744 steady-state evaporator energy balances, compressor work, and COP 

























1 6.73 0.013 6.74 0.145 2.71 0.00058 2.48 0.00491 
2 6.67 0.013 6.68 0.146 2.56 0.00056 2.60 0.00521 
3 6.82 0.013 6.82 0.147 2.21 0.00050 3.08 0.00596 
4 6.79 0.013 6.81 0.147 2.27 0.00049 2.99 0.00591 
5 6.78 0.013 6.81 0.148 2.37 0.00049 2.86 0.00566 
6 6.80 0.013 6.83 0.148 2.13 0.00051 3.20 0.00628 
7 6.77 0.013 6.82 0.148 2.06 0.00052 3.29 0.00637 
8 6.69 0.013 6.79 0.148 2.09 0.00056 3.20 0.00643 
DB 
9 6.66 0.013 6.74 0.148 2.33 0.00066 2.86 0.00578 
1 7.00 0.013 7.11 0.146 2.58 0.00071 2.71 0.00528 
2 7.02 0.014 7.13 0.146 2.22 0.00055 3.17 0.00614 DB 
3 7.07 0.014 7.17 0.146 2.44 0.00053 2.89 0.00560 
1 5.53 0.012 5.58 0.137 3.52 0.00088 1.57 0.00355 
2 5.59 0.011 5.68 0.137 3.13 0.00077 1.79 0.00357 
3 5.47 0.011 5.55 0.138 2.67 0.00063 2.05 0.00414 
4 5.54 0.012 5.65 0.137 2.60 0.00059 2.13 0.00476 
5 5.50 0.012 5.64 0.138 2.50 0.00054 2.20 0.00474 
DA 
6 5.55 0.010 5.66 0.138 2.55 0.00053 2.18 0.00379 
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Table D-9 Uncertainties for MAC2R744 steady-state gas cooler energy balances at MAC2HFC evaporator 
capacities. 











1 8.78 0.41 9.00 0.45 
2 8.62 0.41 8.72 0.45 
3 8.41 0.40 8.78 0.45 
4 8.49 0.40 8.86 0.45 
5 8.58 0.40 8.90 0.45 
6 8.38 0.40 8.74 0.45 
7 8.28 0.40 8.65 0.45 
8 8.30 0.40 8.55 0.45 
DB 
9 8.48 0.39 8.56 0.45 
1 9.05 0.39 9.07 0.45 
2 8.70 0.39 8.79 0.45 DB 
3 8.98 0.39 9.07 0.45 
1 8.28 0.20 9.00 0.45 
2 7.99 0.21 8.68 0.45 
3 7.43 0.21 8.13 0.45 
4 7.51 0.21 8.11 0.45 
5 7.39 0.21 7.92 0.45 
DA 
6 7.38 0.21 7.93 0.45 
 
  212 
D.2 Uncertainty Results for First-Generation Comparative Tests Conducted with the Second-
Generation Transcritical R744 Mobile A/C System  
Table D-10 Uncertainties for MAC2R744 steady-state evaporator energy balances, compressor work, and COP 























I17 A 3.22 0.011 3.26 0.072 2.06 0.0006 1.56 0.0052 
I17 A 3.40 0.011 3.48 0.071 2.11 0.0006 1.61 0.0054 
I17 B 2.69 0.011 2.64 0.075 1.35 0.0003 1.99 0.0080 
I17 B 2.73 0.012 2.70 0.075 1.48 0.0003 1.85 0.0079 
I17 B 2.55 0.012 2.54 0.076 1.30 0.0003 1.97 0.0090 
I17 B 2.63 0.011 2.68 0.076 1.39 0.0003 1.90 0.0076 
I17 C 2.56 0.012 2.61 0.073 1.53 0.0004 1.67 0.0076 
I17 C 2.56 0.011 2.61 0.073 1.63 0.0004 1.58 0.0070 
I17 C 2.52 0.011 2.54 0.074 1.47 0.0004 1.71 0.0077 
I17 C 2.39 0.012 2.44 0.075 1.42 0.0004 1.69 0.0083 
M3 A 5.60 0.012 5.61 0.098 4.16 0.0011 1.35 0.0030 
M3 A 6.45 0.013 6.50 0.095 4.35 0.0011 1.48 0.0030 
M3 A 7.02 0.012 7.09 0.093 4.49 0.0011 1.56 0.0027 
M3 B 4.10 0.012 4.11 0.102 1.61 0.0004 2.54 0.0072 
M3 B 4.21 0.011 4.21 0.102 1.72 0.0004 2.45 0.0067 
M3 B 3.76 0.012 3.81 0.105 1.45 0.0004 2.59 0.0083 
M3 B 3.26 0.012 3.32 0.109 1.32 0.0004 2.48 0.0091 
M3 C 3.97 0.012 4.04 0.106 1.53 0.0004 2.59 0.0080 
M3 C 4.06 0.009 4.14 0.105 1.61 0.0004 2.52 0.0055 
M3 C 4.09 0.012 4.26 0.105 1.71 0.0004 2.40 0.0072 
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Table D-11 Uncertainties for MAC2R744 steady-state evaporator energy balances, compressor work, and COP 























H3 A 6.97 0.013 7.20 0.093 5.64 0.0014 1.24 0.0023 
H3 A 6.50 0.012 6.71 0.095 5.62 0.0014 1.16 0.0021 
H3 B 6.55 0.014 6.53 0.094 3.47 0.0008 1.89 0.0040 
H3 B 6.32 0.013 6.37 0.094 3.31 0.0007 1.91 0.0040 
H3 B 6.36 0.013 6.44 0.093 3.40 0.0007 1.87 0.0040 
H3 B 6.18 0.013 6.26 0.094 3.19 0.0007 1.94 0.0042 
H3 B 5.94 0.012 6.03 0.095 3.07 0.0007 1.93 0.0041 
H3 B 5.47 0.010 5.54 0.098 2.92 0.0007 1.87 0.0033 
H3 C 6.26 0.012 6.35 0.094 3.27 0.0007 1.91 0.0038 
H3 C 6.06 0.013 6.16 0.095 3.11 0.0007 1.95 0.0042 
H3 C 5.69 0.013 5.81 0.097 2.98 0.0007 1.91 0.0044 
I6 A 3.32 0.011 3.30 0.106 2.20 0.0006 1.51 0.0052 
I6 A 3.93 0.011 3.98 0.101 2.42 0.0006 1.63 0.0045 
I6 A 4.42 0.012 4.50 0.098 2.64 0.0006 1.68 0.0046 
I6 A 4.58 0.011 4.70 0.098 2.79 0.0006 1.65 0.0040 
I6 D 2.67 0.012 2.74 0.112 1.41 0.0003 1.90 0.0083 
I6 D 2.68 0.010 2.74 0.112 1.60 0.0004 1.67 0.0064 
I6 D 2.71 0.010 2.79 0.111 1.39 0.0003 1.95 0.0073 
I6FV - 4.57 0.012 4.71 0.098 2.78 0.0006 1.64 0.0045 
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Table D-12 Uncertainties for MAC2R744 steady-state gas cooler energy balances. 











I17 A 4.79 0.079 4.78 0.172 
I17 A 5.06 0.078 5.01 0.172 
I17 B 3.63 0.085 3.53 0.171 
I17 B 3.81 0.084 3.64 0.172 
I17 B 3.47 0.084 3.39 0.172 
I17 B 3.74 0.084 3.55 0.171 
I17 C 3.54 0.064 3.53 0.173 
I17 C 3.61 0.063 3.56 0.173 
I17 C 3.49 0.063 3.41 0.173 
I17 C 3.34 0.063 3.25 0.173 
M3 A 9.16 0.165 9.05 0.206 
M3 A 10.13 0.213 9.93 0.206 
M3 A 10.77 0.285 10.50 0.206 
M3 B 5.31 0.091 5.22 0.202 
M3 B 5.48 0.091 5.38 0.203 
M3 B 4.82 0.090 4.74 0.203 
M3 B 4.24 0.089 4.17 0.203 
M3 C 5.11 0.089 4.98 0.203 
M3 C 5.31 0.089 5.14 0.203 
M3 C 5.49 0.089 5.30 0.203 
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H3 A 11.87 0.29 11.81 0.26 
H3 A 11.41 0.29 11.36 0.26 
H3 B 9.14 0.20 9.25 0.26 
H3 B 8.92 0.20 8.98 0.26 
H3 B 9.03 0.20 9.08 0.26 
H3 B 8.74 0.20 8.75 0.26 
H3 B 8.40 0.20 8.41 0.26 
H3 B 7.77 0.20 7.81 0.26 
H3 C 8.90 0.20 8.86 0.26 
H3 C 8.54 0.20 8.53 0.26 
H3 C 8.09 0.20 8.08 0.26 
I6 A 4.80 0.06 5.08 0.18 
I6 A 5.68 0.07 5.87 0.18 
I6 A 6.42 0.07 6.48 0.18 
I6 A 6.72 0.08 6.73 0.18 
I6 D 3.54 0.06 3.64 0.18 
I6 D 3.76 0.06 3.88 0.18 
I6 D 3.55 0.06 3.63 0.18 
I6FV - 6.68 0.08 6.76 0.19 
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D.3 Uncertainty Results for the First and Second-Generation Transcritical R744 Mobile Heat Pump 
Systems 
























HP-R3 1.99 0.464 1.96 0.051 0.73 0.0004 2.72 0.6341 
HP-R3 2.21 0.465 2.08 0.051 0.73 0.0004 3.02 0.6362 
HP-R7 3.16 0.594 2.91 0.052 0.90 0.0004 3.53 0.6633 
HP-R7 3.12 0.591 2.83 0.054 0.90 0.0004 3.48 0.6596 
HP-L0 2.52 0.407 2.43 0.053 1.00 0.0006 2.53 0.4085 
HP-L0 1.12 0.003 2.55 0.053 1.00 0.0006 1.13 0.0029 
HP-L2 3.93 0.434 3.65 0.053 1.10 0.0006 3.56 0.3930 
HP-L2 3.91 0.428 3.62 0.053 1.16 0.0006 3.37 0.3688 
HP-L2 3.91 0.425 3.58 0.053 1.20 0.0006 3.27 0.3555 
HP-L3 3.19 0.469 3.44 0.053 1.11 0.0006 2.89 0.4244 
HP-L3 3.40 0.466 3.33 0.052 1.11 0.0006 3.06 0.4191 
HP-L3 3.39 0.476 3.31 0.052 1.13 0.0006 3.01 0.4227 
HP-L3 3.39 0.478 3.31 0.052 1.16 0.0006 2.92 0.4116 
HP-L4 3.05 0.555 3.14 0.052 1.09 0.0006 2.79 0.5078 
HP-L4 3.08 0.555 3.15 0.052 1.11 0.0006 2.79 0.5024 
HP-L4 3.19 0.554 3.17 0.052 1.15 0.0006 2.78 0.4836 
HP-L4 3.26 0.553 3.19 0.052 1.19 0.0006 2.74 0.4653 
HP-L5 2.73 0.303 2.56 0.052 1.10 0.0006 2.49 0.2757 
HP-L5 2.85 0.304 2.65 0.052 1.16 0.0006 2.47 0.2634 
HP-L5 2.80 0.304 2.72 0.052 1.22 0.0006 2.30 0.2498 
HP-L5 3.09 0.304 2.75 0.052 1.28 0.0006 2.41 0.2374 
HP-L6 4.35 0.476 4.20 0.054 1.11 0.0006 3.93 0.4298 
HP-L6 4.34 0.475 4.20 0.054 1.11 0.0006 3.91 0.4291 
HP-L6 4.39 0.475 4.24 0.054 1.14 0.0006 3.84 0.4159 
HP-L6 4.48 0.476 4.28 0.054 1.20 0.0006 3.75 0.3979 
HP-L7 3.43 0.561 3.55 0.053 1.10 0.0006 3.11 0.5081 
HP-L7 3.66 0.561 3.63 0.053 1.15 0.0006 3.18 0.4871 
HP-L7 3.53 0.560 3.71 0.053 1.21 0.0006 2.91 0.4616 
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HP-L8 3.47 0.31 3.23 0.05 1.18 0.0006 2.94 0.2604 
HP-L8 3.61 0.31 3.34 0.05 1.24 0.0006 2.91 0.2458 
HP-L8 3.58 0.31 3.40 0.05 1.24 0.0006 2.89 0.2464 
HP-L8 3.87 0.31 3.47 0.05 1.31 0.0006 2.96 0.2338 
HP-L9 3.64 0.36 3.58 0.05 1.07 0.0006 3.40 0.3358 
HP-L10 3.45 0.56 3.68 0.05 0.98 0.0006 3.51 0.5706 
HP-L10 3.94 0.56 3.91 0.05 1.06 0.0006 3.73 0.5319 
HP-L10 4.15 0.56 4.03 0.05 1.10 0.0006 3.76 0.5036 
HP-L10 4.22 0.56 4.19 0.05 1.17 0.0006 3.61 0.4783 
HP-L10 4.29 0.56 4.30 0.05 1.23 0.0006 3.48 0.4548 
HP-L10 2.63 0.39 2.58 0.05 0.72 0.0006 3.67 0.5453 
HP-L10 3.27 0.32 3.31 0.05 0.88 0.0006 3.70 0.3670 
HP-L10 4.21 0.35 4.25 0.06 1.07 0.0006 3.92 0.3228 
HP-L10 3.87 0.45 4.11 0.05 1.09 0.0006 3.56 0.4090 
HP-L10 4.34 0.32 4.26 0.06 1.12 0.0006 3.88 0.2854 
HP-L11 3.71 0.30 3.47 0.05 1.14 0.0006 3.26 0.2678 
HP-L11 3.92 0.31 3.68 0.05 1.21 0.0006 3.25 0.2528 
HP-L11 4.09 0.31 3.93 0.05 1.28 0.0006 3.19 0.2382 
HP-L12 4.52 0.36 4.53 0.07 1.09 0.0006 4.16 0.3309 
HP-L13 3.14 0.31 3.19 0.05 1.00 0.0006 3.13 0.3055 
HP-L13 3.37 0.31 3.40 0.05 1.05 0.0006 3.20 0.2909 
HP-L13 3.69 0.31 3.67 0.05 1.13 0.0006 3.28 0.2728 
HP-L13 3.90 0.31 3.90 0.05 1.19 0.0006 3.27 0.2570 
HP-L13 4.14 0.31 4.11 0.05 1.27 0.0006 3.26 0.2434 
HP-L13 4.29 0.31 4.25 0.05 1.32 0.0006 3.24 0.2320 
HP-L14 4.33 0.35 4.32 0.06 1.06 0.0006 4.07 0.3262 
HP-L14 4.21 0.35 4.28 0.06 1.07 0.0006 3.92 0.3235 
HP-L15 4.24 0.32 4.26 0.06 1.11 0.0006 3.82 0.2871 
HP-L16 4.22 0.35 4.34 0.06 1.07 0.0006 3.95 0.3250 
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HP-R3 1.22 0.09 1.52 0.20 
HP-R3 1.19 0.09 1.52 0.20 
HP-R7 1.83 0.12 1.90 0.20 
HP-R7 1.72 0.12 1.83 0.20 
HP-L0 1.16 0.00 1.69 0.20 
HP-L0 0.85 0.31 1.80 0.20 
HP-L2 2.26 0.12 2.41 0.20 
HP-L2 2.20 0.12 2.37 0.20 
HP-L2 2.12 0.12 2.41 0.20 
HP-L3 2.13 0.13 2.36 0.20 
HP-L3 2.04 0.09 2.30 0.20 
HP-L3 1.88 0.09 2.10 0.20 
HP-L3 1.80 0.09 2.03 0.20 
HP-L4 1.73 0.11 1.91 0.20 
HP-L4 1.76 0.11 1.85 0.19 
HP-L4 1.72 0.11 1.94 0.20 
HP-L4 1.67 0.11 1.95 0.20 
HP-L5 1.23 0.35 1.77 0.20 
HP-L5 1.22 0.36 1.77 0.20 
HP-L5 1.18 0.36 1.77 0.20 
HP-L5 1.10 0.36 1.75 0.20 
HP-L6 2.94 0.08 2.97 0.20 
HP-L6 2.91 0.08 2.99 0.20 
HP-L6 2.89 0.09 2.96 0.20 
HP-L6 2.85 0.09 2.94 0.20 
HP-L7 2.34 0.09 2.65 0.20 
HP-L7 2.40 0.09 2.68 0.20 
HP-L7 2.40 0.09 2.70 0.20 
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HP-L8 2.00 0.089 2.27 0.200 
HP-L8 2.07 0.087 2.33 0.199 
HP-L8 2.03 0.089 2.07 0.199 
HP-L8 2.03 0.090 2.26 0.200 
HP-L9 2.82 0.006 2.74 0.205 
HP-L10 2.76 0.006 2.69 0.200 
HP-L10 2.92 0.006 2.83 0.200 
HP-L10 3.02 0.006 2.91 0.202 
HP-L10 3.11 0.007 2.91 0.199 
HP-L10 3.13 0.007 3.01 0.200 
HP-L10 1.90 0.004 1.90 0.201 
HP-L10 2.50 0.005 2.47 0.202 
HP-L10 3.36 0.007 3.13 0.203 
HP-L10 3.37 0.007 3.20 0.204 
HP-L10 3.32 0.007 3.04 0.203 
HP-L11 2.36 0.005 2.49 0.202 
HP-L11 2.48 0.005 2.57 0.203 
HP-L11 2.72 0.006 2.72 0.203 
HP-L12 3.61 0.008 3.51 0.204 
HP-L13 2.36 0.005 2.33 0.204 
HP-L13 2.53 0.006 2.54 0.204 
HP-L13 2.76 0.006 2.78 0.204 
HP-L13 2.94 0.006 2.81 0.204 
HP-L13 3.10 0.007 2.95 0.205 
HP-L13 3.13 0.007 3.05 0.205 
HP-L14 3.45 0.007 3.10 0.255 
HP-L14 3.44 0.007 3.20 0.254 
HP-L15 3.39 0.007 3.11 0.261 
HP-L16 3.48 0.007 3.11 0.296 
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HP-R1 3.70 0.549 3.76 0.046 1.06 0.0004 3.48 0.5176 
HP-R2 3.78 0.518 3.89 0.062 1.06 0.0004 3.57 0.4897 
HP-R2 3.75 0.547 3.87 0.062 1.05 0.0004 3.58 0.5220 
HP-RX 3.86 0.540 3.77 0.080 1.06 0.0004 3.65 0.5109 
HP-L1 4.97 0.544 5.04 0.048 1.63 0.0006 3.06 0.3351 
HP-L2 5.53 0.517 5.62 0.061 1.63 0.0006 3.39 0.3167 
HP-L3 5.01 0.514 5.29 0.064 1.64 0.0006 3.05 0.3132 
HP-L6 6.00 0.468 6.20 0.064 1.72 0.0006 3.49 0.2728 
HP-L6 6.29 0.465 6.37 0.063 1.82 0.0006 3.46 0.2559 
HP-L13 7.22 0.162 6.07 0.086 1.96 0.0006 3.69 0.0829 
HP-L13 4.80 0.148 4.96 0.086 1.64 0.0006 2.92 0.0898 
 












HP-R1 2.75 0.47 2.63 0.20 
HP-R2 2.84 0.46 2.79 0.20 
HP-R2 2.81 0.47 2.68 0.20 
HP-RX 2.79 0.46 2.75 0.20 
HP-L1 3.48 0.42 3.45 0.21 
HP-L2 4.03 0.45 3.92 0.21 
HP-L3 3.67 0.44 3.56 0.21 
HP-L6 4.46 0.04 4.36 0.20 
HP-L6 4.46 0.03 4.45 0.20 
HP-L13 4.23 0.01 4.68 0.20 
HP-L13 3.33 0.01 3.81 0.20 
 
 
